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The brain has a limited processing capacity, which means that we can only be aware of a 
limited amount of information hitting the retina at any given moment in time.  Not surprisingly, 
we very often experience failures in updates to our conscious experience of the world, for 
instance failures to notice changes within a scene, especially if our attention is engaged 
elsewhere.  Binocular rivalry, which occurs when perception alternates between conflicting 
monocular inputs, provides a way to study updates in consciousness in a unique way since 
changes in awareness are not the result of a change in what the eyes see, but rather to changes in 
what the brain has made accessible to awareness.  The research contained within this thesis seeks 
to better understand updates more generally through a probe-mediated version of binocular 
rivalry in which briefly presented task-irrelevant probes modulate reversals in a way that 
provides a degree of experimental control over an otherwise highly stochastic process.  The 
following questions are asked: Why do probes accelerate/decelerate reversals?  Which ERP 
components are associated with the reversal?  Which are associated with the probe?  What 
mechanisms do the probes interact with, and at what level of processing?  Chapter 2 suggests 
that P3b activity is associated with reversal-related activity.  Specifically, that P3b activity 
indexes the immediacy/intensity of updates to consciousness during binocular rivalry.  Sensory 
evoked data (i.e. P1/N1 ERP activity) reported in Chapters 2 and 4 suggest that P1 and/or N1 
amplitude index probe-related processes, but may also index the depth of neural suppression (i.e. 
dominant percept inhibitory strength) during binocular rivalry.   Across three experiments 
(Chapters 3 and 4) on-object differences in percept duration between suppressed- and dominant-
eye probes were larger relative to off-object probes, suggestive of an object-based mechanism.  




were associated with shorter reversal latencies relative to dominant-eye off object probes, 
suggestive of an eye-based mechanism. Finally, N2 data suggests that on-object probes 
differentially generate a perceptual conflict signal relative to off-object probes, which then may 
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CHAPTER 1:  INTRODUCTION 
 
 
If you pause and think about it, our experience of the world is quite rich.  It feels as 
though we merely open our eyes and simultaneously experience a world filled with objects, 
painted in beautiful colors.  We can watch them move and change color or shape.  Most 
impressively, we can observe them come and go.  However, as research has shown, the world we 
experience is actually much less detailed that we think.  The brain has a limited processing 
capacity, which means that we can only be aware of a limited amount of information hitting the 
retina at any given moment in time.  Not surprisingly, we very often experience failures in 
updates to our conscious experience of the world, for instance, failures to notice changes within a 
scene (Rensink et al., 1997), especially if our attention is engaged elsewhere (Mack & Rock, 
1998; Most et al., 2001).   
Generally speaking, there are two types of updates (or changes) in visual awareness, 
those resulting from some physical change in the world (exogenous updates), and those resulting 
from some change in brain state while physical input has remained constant (endogenous 
updates).  Exogenously-driven updates are typically researched using an approach in which brain 
responses to near-threshold stimuli (i.e. detected vs. undetected) are compared.  This approach 
has implicated an assortment of brain regions (Rees, 2013; Rees, Kreiman & Koch, 2002), event-
related brain potentials (Koivisto & Revonsuo, 2010; Del Cul, Baille, & Dehaene, 2007), and 
network properties (Melloni et al., 2007) associated with awareness.  However, it is often 
difficult to detangle processes associated with and emulating from some stimulus onset, from 
those associated with an update in visual awareness, as the two are often conflated.  Endogenous 




than changes in sensory input, making them interesting on their own.  One way to study 
endogenous driven updates is through a phenomenon known as binocular rivalry.   
The eyes typically view an object from similar but slightly different perspectives.  The 
brain normally fuses these “images” into coherent three-dimensional representations.  However, 
when the eyes view highly disparate images, a phenomenon known as binocular rivalry occurs.  
Rather than fuse the two images into a single representation, perception instead alternates 
stochastically between the them, such that at times only one percept (i.e. an internal 
representation of the stimuli) will dominate perception while the other image is perceptually 
suppressed (Blake 2001).  Binocular rivalry provides a way to study endogenously-driven 
updates in consciousness, since changes in awareness are not the result of a change in what the 
eyes see, but rather to changes in what the brain has made accessible to awareness.  Despite 
nearly two centuries of empirical research, it remains unknown why, once settled, perception 
switches to the other image.  The research contained within this thesis seeks to better understand 
endogenously-driven updates understand more generally through a probe-mediated version of 
binocular rivalry in which briefly presented task-irrelevant probes modulate reversals in a way 
that provides a degree of experimental control over an otherwise highly stochastic process.   
The thesis consists of 4 experiments in total, 2 behavioral experiments, and 2 additional 
experiments using EEG as a measure of brain activity which sought to answer several questions: 
Why do probes accelerate/decelerate reversals (Chapters 2)?  Which ERP components are 
associated with the reversal (Chapter 2)?  Which are associated with the probe (Chapters 2 and 
4)?  What mechanisms do the probes interact with, and at what level of processing (Chapters 3 
and 4)?  What implications do these findings have for binocular rivalry more generally:  Is 




Neural mechanisms of binocular rivalry: Reciprocal inhibition and adaptation 
Current models of binocular rivalry posit that monocular disparity initiates a process 
referred to as reciprocal inhibition.  At some level of representation, conflicting neural 
representations ‘compete’ with each other for access to awareness (Blake, 2001).  According to 
purely eye-based models, competition takes place at relatively low levels where monocular input 
is preserved, such as the lateral geniculate nucleus (LGN) and/or the monocular channels of 
primary visual cortex.  While according to purely object-based (or stimulus-based) models, 
competition takes place at various stages along the visual processing hierarchy (for a review of 
eye- object based models see Alais & Parker 2006; Freeman, 2005; Tong et al., 2006).  Common 
to both models, competition between precepts by way of reciprocal inhibition exaggerates small 
asymmetries in stimulus signal strength (i.e. low-level onset biases resulting from minor 
differences in luminance, spatial frequency; or high-level top-down biases such as exposure, 
expectation, volition) present at the onset of the rivalry stimuli.  Reciprocal inhibition terminates 
in winner-take-all fashion with one percept becoming perceptually dominant while the other is 
suppressed.  Evidence from early psychophysical work showed that visual sensitivity is weaker 
in the non-dominant eye relative to the dominant eye, suggesting that suppressed-stimuli were 
actively inhibited, and provided strong support for competition-based mechanisms of binocular 
rivalry including reciprocal inhibition (reviewed in Blake, 2001). 
On its own, reciprocal inhibition cannot sufficiently model behavior during binocular 
rivalry.  Essentially, reciprocal inhibition iteratively exaggerates differences in onset biases, and 
terminates as one percept takes over in winner-take-all fashion.  How could a perceptual switch 
follow from such an outcome?  Recent models include additional mechanisms, the most common 




According to adaptation models, neurons firing above their base rate undergo fatigue.  The 
longer neurons fire above their base rate, the greater the fatigue.  Separate pools of neurons, each 
representing a competing percept, mutually inhibit each other until one of them gains the upper 
hand thereby becoming the perceptually dominant image.  Neurons representing the dominant 
percept then undergo adaptation, which not only reduces the strength of the dominant percept, 
but also reduces the dominant percept’s inhibitory strength over the suppressed percept.  
Meanwhile, the suppressed percept recovers from adaptation, which not only restores the 
strength of the suppressed percept, but also increases the suppressed percept’s inhibition of the 
dominant percept (Lehky, 1988).  In short, neural adaptation of the dominant percept allows the 
suppressed percept to recover and eventually overtake the dominant image. 
 
Probe-mediated binocular rivalry 
The overall goal of the current line of research is to better understand the neural 
mechanisms underlying updates or changes to visual awareness through binocular rivalry.  One 
way to do this is to perturb the ongoing dynamics of binocular rivalry by accelerating and/or 
decelerating the rivalry process.  Probe-mediated binocular rivalry (Fox & Check, 1968) differs 
from conventional binocular rivalry in that switches, or reversals, are exogenously mediated by 
brief, yet salient probes presented to either the perceptually-suppressed or perceptually-dominant 
eye.  Probes presented to the suppressed eye accelerate, and possibly induce reversals, whereas 
probes present to the dominant eye tend to decelerate reversals (Fox, 1991; Fox & Check, 1968; 
Valle-Inclan et al., 1999; Walker & Powell, 1979).  It is important to note, that the effects of the 
probe are probabilistic, rather than absolute, skewing the distribution of reversal times towards 




Probe-specific vs. reversal-specific brain activity 
As is the case in our daily lives, changes in perception during binocular rivalry can occur 
in the absence of changes in the external environment. Thus, binocular rivalry reversals can be 
used to study updates in awareness that are not accompanied by physical changes to the visual 
system’s input.  Probe-mediated variants of binocular rivalry provide an extra level of control 
and afford two additional comparisons.  First, by time-locking to changes in perception (as 
indexes by behavioral responses), probe-mediated variants of binocular rivalry provide a way to 
contrast endogenous reversals (i.e. cases where probes had previously appeared in the dominant 
eye, and are not associated with reversal acceleration) with exogenous reversals (i.e. cases where 
probes had previously appeared in the suppressed eye, and are associated with reversal 
acceleration).  Second, probe-specific activity can be distinguished from reversal-specific 
activity.  In fact, Valle-Inclan et al. (1999) reported differences in brain activity as a function of 
whether probes were presented to the suppressed or dominant eye in early and late processing 
windows.  However, because they time-locked their ERP responses to the appearance of a probe 
stimulus, it remains unclear whether that brain activity is probe-related or instead related to the 
reversals themselves. 
 
Probing eye- vs. object-based theories of binocular rivalry 
One longstanding debate in the binocular rivalry literature (see Alais & Parker, 2006; 
Kang & Blake, 2011) concerns the very nature of binocular rivalry and whether it involves a 
competition between the eyes (i.e. eye-based rivalry), or competition between the objects 
presented in each eye (i.e. object- or stimulus-based rivalry).  According to eye-based theories, if 




suppression.  In contrast, object-based theories of binocular rivalry argue that suppression is 
stimulus specific (i.e. object or feature), and involves a competition between objects, or between 
object features, in the two eyes.  Object-based suppression entails a conflict existing at a higher-
level of visual processing -- only conflicting object representations experience inhibition.   If the 
object in the left eye is perceptually dominant, only the input corresponding to the object in the 
other eye is suppressed.  All other information in that eye remains unaffected.   
Empirical support for eye-based or object-based rivalry is mixed.  Researchers have 
varied the degree to which probe stimuli and rivalry stimuli share features, for instance 
orientation and spatial frequency.  If rivalry is eye-specific and invariant to the content of those 
representations, detection thresholds for suppressed-eye probe stimuli presented during binocular 
rivalry should not vary as a function of probe/object similarity.  If, however, rivalry is object-
specific, detection thresholds should increase (i.e. impairment of behavioral performance) as a 
function of probe-object similarity.  In short, eye-based theories predict no differences as a 
function of probe/object similarity, whereas, object-based theories predict increases in detection 
thresholds as probe/object similarity increases.  Early attempts supported eye-based theories of 
binocular rivalry by showing that suppression was invariant and affected any input to the 
suppressed sensory channel (i.e. the eye; Blake 1989, 2001; Blake & Fox, 1974; Blake & 
Logotethis, 2002; Blake, Westendork & Overton, 1980).   
Research has also shown that suppression can be feature and/or object specific, at least 
for conventional binocular rivalry (Alais & Parker, 2006; Stuit et al., 2009).  For instance, Alais 
and Parker (2006) compared suppression ratios (essentially measured as the difference in 
detection thresholds for suppressed- and dominant-eye probe stimuli) as a function probe/object 




Probes either matched (i.e. face identification probe presented during face rivalry), or 
mismatched the rivalry content (i.e. face identification probe presented during global motion 
rivalry).  Probe detection suffered only when probe type matched the rivalry stimuli.  In all other 
conditions, probe detection was not impaired, suggesting that rivalry was operating at an object- 
or feature-specific level.     
Eye- and object-based models also predict differences in behavior when rivalry stimuli 
are swapped between the eyes (a variant of binocular rivalry known as stimulus rivalry; Blake, 
Westendork & Overton, 1980).  Under these conditions, when images are swapped between the 
eyes such that what was previously in the left eye appears in the right eye, perception can follow 
either the eye, or the object.  If perception changes when stimuli are swapped, perception can be 
said to follow the eye.  If however perception remains constant when stimuli are swapped, 
perception can be said to follow the object.  As was the case in probe paradigms, evidence from 
stimulus rivalry is mixed, and supports both eye-based (Blake, Westendork & Overton, 1980), 
and object-based models (Logothetis et al., 1996).   
Theories for exclusive eye- or object-based mechanisms tend to be based on data that 
does not directly, or at least sufficiently test object- and eye-based hypotheses.  For example, 
probe objects are always placed over the object, so no comparison between on- and off-object 
probes could be made.  Furthermore, probe-paradigms are typically employed in the pursuit of 
understanding suppression during binocular rivalry.  The theories described above are more 
about what gets suppressed during binocular rivalry.  An understudied and related topic concerns 
what gets rescued from suppression when probes appear.  Such is the topic of this thesis. Chapter 
2 is an ERP study, currently in press, which seeks to dissociate brain activity (i.e. ERP 




consists of two experiments in which eye- vs. object-based probe effects are tested.  Chapter 4 is 
an ERP follow-up in which ERP components are mapped onto behavior consistent with the 
findings reported in Chapter 3.  Finally, Chapter 5 discusses the results more generally as well as 





CHAPTER 2:  DISSOCIATING PROBE-RELATED 
AND REVERSAL-RELATED BRAIN ACTIVITY1 
 
Central to the neuroscientific study of consciousness is the question of what brain 
processes give rise to visual awareness.  Decades of research have focused on the neural 
correlates of consciousness (NCC); that is, on what brain processes differ as a function of 
whether or not an observer is aware of a target stimulus.  Such endeavors have implicated an 
assortment of brain regions (Rees, 2013; Rees, Kreiman & Koch, 2002), event-related brain 
potentials (i.e., ERP components; Koivisto & Revonsuo, 2010; Del Cul, Baille, & Dehaene, 
2007), and network properties (Melloni et al., 2007) associated with awareness, resulting in 
several prominent theories of consciousness (Baars, 1988; Crick & Koch, 1995; Dehaene et al., 
2003; 2014; Tononi, 2008). Here we examine the role of the P3b ERP component in awareness 
both because it has been formally considered as a marker of consciousness (Dehaene et al., 2003, 
2014; Del Cul et al., 2007; Koivisto & Revonsuo, 2010; Vogel et al., 1998; but see Silverstein et 
al, 2015 who show P3b oddball effects for subliminal stimuli) and because it has been 
instrumental in shaping a particular theory of awareness (Dehaene et al., 2003; 2014). 
The P3b, characterized as a broadly-distributed parietal positivity peaking 300 ms post 
stimulus onset (or longer if stimulus classification is more difficult; Kutas, McCarthy & 
Donchin, 1977), is strongly attenuated, if not absent, for undetected stimuli presented during 
critical lags of an attentional blindness paradigm (Vogel, Luck, & Shapiro, 1998).  Contrastive 
approaches using near-threshold stimuli, show that while exogenous ERP components (i.e., P1 
and N1) may be graded as a function of stimulus intensity or visibility, only the P3b is predictive 
                                                           
1 This chapter has been accepted for publication as: Metzger, B.A., Mathewson, K.E., Tapia, A., 
Fabiani, M., Gratton, G., Beck, D.M. (2017). Regulating the access to awareness: Brain activity related to 
probe-related and spontaneous reversals in binocular rivalry. Journal of Cognitive Neuroscience. 




of whether a target stimulus will be detected (Del Cul et al., 2007, Koivisto & Revonsuo 2010).  
From our own lab, though not a main finding of the paper, Mathewson et al. (2009) likewise 
reported enhanced P3b activity for detected compared to undetected targets for metacontrast 
masking targets that were otherwise physically identical.  Attempts to determine the neural 
contributors to the P3b typically implicate regions of the frontoparietal network including 
regions of inferior frontal cortex and temporal-parietal cortex (Polich, 2007).  These same 
regions tend to be implicated in fMRI studies of visual awareness, whereby detected stimuli 
elicit greater activity relative to undetected stimuli (Rees et al., 2002). 
Many prominent theories of conscious awareness postulate a positive-feedback 
mechanism such that once the strength of the representation reaches a threshold, it dominates 
perception.  Versions of this theory include Edelman’s (Seth et al., 2006), which ascribes the 
positive feedback mechanism as re-entrant thalamo-cortico circuits (see also Tononi & Koch, 
2008), and the work of Dehaene and colleagues who link the triggering process to the elicitation 
of the P3b component (Dehaene et al., 2003; 2014).  Dehaene’s theory of conscious access 
entails an “ignition” mechanism whereby information being processed in relatively local and 
specialized cortical processors is made globally available to other processors, which may relate 
to updating working memory, and preparing and executing task-related responses. Such a 
characterization has commonalities with other cognitive processes ascribed to the P3b including 
maintenance of contextual representations (Polich, 2007), context updating (Donchin 1981; 
Donchin & Coles 1988), stimulus classification (Kutas et al., 1977; Luck, Woodman, & Vogel, 
2000), and closures of perception/action cycles (Verleger et al., 2005).  Common to most P3b 
theories is the idea that the P3b reflects some type of attention reallocation mechanism, whereby 




Whereas the approach of comparing brain responses to near-threshold stimuli that are 
detected or not detected provides very useful data, there is a potential confound with this near-
threshold paradigm.  Specifically, although the objective level of stimulus energy is equated in 
these conditions, the detection of an item may still be related to the excitability level of the 
sensory cortex at the moment the stimulus is presented.  Indeed, previous research has shown 
that this is the case: for instance, Mathewson et al. (2009) showed that alpha amplitude and phase 
mediate the probability that a particular near-threshold target is detected.  In this sense, the 
enhanced P3b observed for detected stimuli in this case may merely reflect the magnitude of the 
brain response to a stimulus that, for all practical purposes, is subjectively stronger than another 
stimulus occurring at a moment of low excitability.  It is therefore useful to compare conditions 
in which a change in awareness is exogenously determined (i.e., occurs after the presentation of 
an external stimulus with abrupt onset), with conditions in which the change in awareness is 
endogenously determined (i.e., in which it occurs even in the absence of variations in the external 
stimulus).  In fact, in our daily lives, updates to consciousness may occur in the absence of 
abrupt stimulus onsets:  sometimes we simply become aware of something that has been there all 
along, such as awareness of the presence of our own nose in our visual field, which we probably 
weren’t aware of prior to reading this sentence.  If the P3b actually reflects an update in 
conscious awareness, it should be present in these cases as well.  
In laboratory settings, updates to consciousness in the absence of an exogenous change in 
stimulation are typically studied in the context of stimuli eliciting bi-stable representations (e.g., 
Necker cube; see Attneave, 1971).  One such situation is the binocular rivalry phenomenon, 
which occurs when perception repeatedly switches between simultaneously presented images.  




absence of changes in the external environment. Thus, binocular rivalry reversals can be used to 
study updates in awareness that are not accompanied by physical changes in the input to the 
visual system.  If the P3b really indexes the cascade of events leading to the global sharing of 
information across of number of specialized cortical processors (i.e., cortical ignition), then we 
should see P3b activity accompanying reversals during binocular rivalry.  In fact, Valle-Inclan et 
al. (1999) reported P3b activity in a binocular rivalry paradigm.  However, because they time-
locked their ERP responses to the appearance of a probe stimulus, it remains unclear whether the 
P3b is probe-related or instead related to the reversals themselves, as would be predicted by the 
ignition theory (Dehaene et al., 2003; 2014). 
By analyzing ERPs time locked to reversal-related responses, we can determine whether 
P3b activity in this probe-mediated paradigm is probe-related or reversal-related.  We know that 
probes presented to the suppressed eye increase the likelihood of a reversal and are accompanied 
by a larger P3b amplitude, whereas probes presented to the dominant eye decrease the likelihood 
of a reversal and fail to produce a clear P3b (Fox, 1991; Valle-Inclan et al., 1999; Walker & 
Powell, 1979). What is not known is whether P3b activity (either amplitude or latency) is more 
closely associated with probe onset or reversal latency.  If P3b activity is reversal- rather than 
probe-related, this would be more consistent with the P3b generally indexing updates in 
conscious awareness (an endogenous change in the brain) rather than being dependent on the 
detection of some exogenous event (i.e., stimulus onset). 
We can also ask whether earlier probe-evoked ERPs (P1, N1) are associated with 
reversal-related activity.  These components provide information about the degree to which the 
probe was processed.  For instance, we can use the P1 and N1 to investigate probe efficacy. The 




sensory parameters, and is also sensitive to attention (Luck, Hillyard, Mouloua, Woldorff, Clark 
et al., 1994; Luck, Woodman, & Vogel, 2000; Mangun 1995), which may result from arousal 
(Vogel & Luck, 2000), inhibition of unattended stimuli (Hillyard, Vogel, & Luck, 1998) or 
suppression of distracting information (Brumback, Low, Gratton, & Fabiani, 2004).  For our 
purposes, the P1 is perhaps best thought of as being associated with improved perceptual quality, 
or salience (Luck et al., 2000), regardless of the specific mechanisms by which this is achieved. 
The visual N1 is also modulated by attention such that larger amplitudes are observed when 
stimuli are attended (Luck et al., 2000).  Larger P1/N1 amplitudes might reflect the quality or 
strength of the probe’s representation, which, when sufficiently “strong” in the cortical regions 
processing information from the suppressed eye, will accelerate switches in perception.  Again, 
we ask whether these sensory components (P1/N1) are associated with reversal latency. 
In summary, we are addressing the following questions: 1) Is the P3b observed in probe-
mediated binocular rivalry probe-related or reversal related? If P3b activity is found to index 
reversal-related activity but not probe-related activity, then it becomes a candidate for the NCC.  
2) Is the likelihood that a probe will induce a reversal associated with the amplitudes of early 
ERP responses (P1, N1) to the probe in sensory areas? If it is, these components could be 
considered pre-requisites to the NCC (Aru, Bachmann, Singer, & Melloni, 2012). Answers to 
these questions, and the data that support them, should impact how we think about the P3b as 
well as conscious awareness.  
 
Methods 
Eighteen healthy adults from the Champaign-Urbana community (12 female, age range = 




approved by the University of Illinois Institutional Review Board. Participants self-reported 
normal or corrected-to-normal vision.  They were compensated $15 per hour of participation.  
Data from three subjects were excluded (two female, one male); one due to technical errors, one 
due to too few trials (fewer than 30 trials remained in one condition after artifact rejection), and 
one because she was aware of the hypothesis and experimental manipulation. 
 
Apparatus and Stimuli   
Binocular rivalry was 
induced by presenting textures 
to one eye and faces to the other 
eye (see examples in Figure 1a).  
Texture images consisted of 4 
texture patterns including sand, 
gravel, tile, and plaster.  Face 
images consisted of two male 
and two female emotionally-
neutral faces.  All images were oval-shaped, centered in a frame to aid binocular fusion.  The 
oval-shaped images subtended 2.73 and 4.36 degrees of visual angle along the horizontal and 
vertical principal axes, respectively.  The frame around the stimuli consisted of two rectangles, 
each two pixels wide and served to aid binocular fusion.  The inner and outer frames subtended 
3.14 x 4.77 and 3.55 x 5.18 degrees of visual angle, respectively.  Behavioral pilot studies 
determined which face and texture image pairs yielded the best balance of dominance; that is, 
that both images in the pair dominated perception equally often for a majority of subjects.  Eight 
Figure 1: Binocular rivalry stimuli.  Example rivalry stimuli pairs 




pairs (4 male/texture and 4 female/texture) were chosen and counterbalanced for red/blue pairs, 
yielding a total of 16 pairs.  Image luminance was adjusted so that mean image brightness of 
both the oval-shaped face and the texture images measured 12.8 cd/m2 in a dark room.  A small 
fixation cross subtending 0.25 degrees and measuring 4 pixels wide was placed in the center of 
the oval images.  The fusion frames and fixation cross were gray and measured 12.6 cd/m2 in a 
dark room.  Background luminance was 0.5 cd/m2. 
Subjects were seated 105 cm from the display monitor (17” Hewlett Packard® LCD, 
refresh rate 75 Hz, screen resolution 768 x 1024) and viewed the image pairs through prism 
lenses (base out, diopter of 14; average pupillary distance).  Optical sensors were used to 
determine stimulus presentation delays due to refresh lags in the LCD (M = 20 ms, SD = 5 ms).  
Stimulus onset times were adjusted accordingly.  A viewing box equipped with a central divider 
ensured that subjects viewed each image with only one eye.  Subjects were asked to maintain 
careful fixation, and to keep still while positioned on a chin rest.  They were instructed to hold 
down one of two buttons on a keyboard (Empirisoft Corporation ®) using their right index finger 
for as long as that percept remained perceptually dominant (i.e., “complete or nearly complete 
percept”, as in Meng & Tong, 2004).  Number pad buttons ‘1’ and ‘2’ corresponded to face or 
texture percepts (counterbalanced across subjects).  Subjects were instructed to press neither 
button during periods in which neither image dominated perception (i.e., “piecemeal 
dominance”). 
Probe stimuli (Figure 1b) were checkered circles that subtended 1 degree of visual angle 
in diameter and were composed of alternating quadrants of 125 and 255 (out of 255) grayscale 
luminance values.  Probes were presented on average 500 ms (jittered between 253-747 ms; 




start of a new percept) and were centered at an eccentricity of 0.85 degrees of visual angle above 
a fixation cross.  Probes were displayed for 200 ms in either the dominant or suppressed eye with 
equal probability.  Subjects were provided with no information about the probe or task other than 
to maintain careful fixation and accurately report their perception.  Stimuli were presented and 
responses were recorded using E-Prime 2.0 (Psychology Software Tools, Inc.) running on a 
Windows 7 desktop computer. 
Data were collected in two separate sessions, each consisting of 12 blocks of runs, each 
block lasting 4 minutes.  Sessions started with a brief practice block and instructions.  Subjects 
received short 1-2 minute breaks in between blocks and longer breaks as needed.  Blocks 
consisted of 4 trials lasting 1 minute each.  Trials began with a 1.5 second presentation of the 
fixation cross and fusion frame, followed by ~58 seconds of the face and texture stimulus pair, 
and ended with the 0.5 second presentation of a red/blue noise mask.  A total of approximately 
96 minutes of binocular rivalry data were collected for each subject. 
 
Behavioral analysis   
Reversal latencies were calculated as the amount of time between the onset of the probe 
and the button release.  Piecemeal duration was calculated as the amount of time between the 
button release and subsequent button press.  Percepts were sorted into two conditions based on 
where the probe appeared after the button press:  suppressed-eye or dominant-eye probes.  
Percepts were excluded from all analyses if the button release occurred less than 400 ms after the 
probe appeared, as the reversals in this time window are unlikely to be caused by the probe.  
Median reversal latencies and piecemeal durations were calculated separately for each condition, 




Probe-locked ERP recording and analysis   
Continuous EEG was recorded concurrently with fast optical imaging (optical imaging 
data are not reported here), making it necessary to use a limited EEG recording montage.  Eight 
passive electrodes made contact with the scalp through a helmet used to secure the optical 
imaging optodes.  Electrodes were placed off the midline scalp at locations roughly 
corresponding to F3/F4, C3/C4, P3/P4 and O1/O2 of the standard 10/20 system (Jasper, 1958), 
as well as on the left and right mastoids. Scalp electrodes were referenced to the left mastoid 
online and arithmetically re-referenced offline to an average mastoid reference (Luck, 2014; see 
also Keil et al., 2014). Electrodes were also placed above and below the left eye, and at the outer 
canthi of each eye to measure the vertical and horizontal electrooculogram (EOG).  Electrical 
impedance was maintained below 10 kΩ.  EEG was sampled at 500 Hz.  Online, the EEG was 
filtered using a bandpass filter of 0.1-250 Hz.  Offline, all analyses were done using custom 
scripts in MATLAB and EEGLAB (Delorme & Makeig, 2004).  The EEG was again filtered 
using a low-pass filter of 15 Hz for the analyses of the probe-locked ERPs sorted by reversal 
latency, because it has been shown that estimations of peak latency and/or amplitude are far 
more accurate with a narrow compared to a wide filter (Gratton, Kramer, Coles & Donchin, 
1989). A 30 Hz filter was used for all other analyses.   
Data were segmented into 1200-ms epochs time-locked to the onset of the probe stimulus 
(-200 to 998 ms).  Trial activity was baseline-corrected using the average amplitude from -200 to 
0 ms.  Trials with A/D saturation (i.e., artifacts greater in absolute magnitude of more than 500 
μV) were removed before detection and correction of ocular artifacts (Gratton, Coles, & 
Donchin, 1983).  Trials with other artifacts greater in absolute magnitude than 250 μV were then 




baseline, were rejected.  This resulted in the exclusion of less than 44% of trials per subject 
(range = 4%-43%).  No subject had fewer than 238 trials per condition for dominant- vs. 
suppressed-eye comparisons (range = 238-857), and no fewer than 59 trials per quartile for the 
suppressed-eye quartile comparisons (range = 59-219). 
Grand-average ERP waveforms were calculated separately for dominant- and suppressed-
eye probes.  ERPs for each subject and condition were then created and combined to generate the 
grand average ERP at each electrode location.  Paired-sample t-tests (two-tailed) were used to 
compare mean voltage differences between the two conditions within each of 3 component 
windows including P1, N1, and P3b (see Table 1).  Component windows were chosen to be 
centered on visually inspected peaks from the grand average of all probe trials at the electrode 
locations corresponding to their analyses (i.e., collapsed over dominant- and suppressed-eye 
probes).  Measurement window widths for the P1, and N1 were set at 40 ms, which prevented 
overlap between adjacent component windows.  A component window of 400 ms for P3b was 
chosen since this component has a longer and more variable time course.  Electrode locations P3 
and P4 were chosen for P1, N1 and P3b analyses since P3b amplitudes are greatest over parietal 
electrode locations (Fabiani et al., 2007; Polich 2007) and these locations also tend to show large 
early visual ERP activity (P1 and N1).  Suppressed-eye probes were also split into quartiles 
(within-subjects) based on reversal latency.  Grand average waveforms were computed for each 
subject and quartile.  T-tests for linear trend across quartiles were conducted for the mean 
voltages in each component window separately for suppressed- and dominant-eye probes.    
Table 1: Upper and lower boundaries for ERP component measurement windows. 
 
 Component Lower Bound Upper Bound 
 P1 104 144 
 N1 144 184 
 P3b 508 908 





Probe-locked ERP analysis (sorted by reversal latency)  
Observed differences in P3b amplitude could be the result of peak latency jitter (Fabiani 
et al., 2007; Luck, 2014).  In this analysis only, to account for slow drifts, the EEG was filtered 
offline using a 0.3-15 Hz band-pass filter.  Data were segmented into 3200-ms epochs time-
locked to the onset of the probe (-200 to 3000 ms).  Trial activity was baseline-corrected using 
the average amplitude from -200 to 0 ms.  Trials were sorted within subjects as a function of 
reversal latency.  A Gaussian low pass filter was created using the Matlab function ‘fspecial’ 
with sigma of 3.0 and filter size of 2*ceil(2*sigma)+1.  The filter was applied within subjects for 
each subject’s suppressed-eye probe trials using ‘imfilter’.  A lagged cross-correlation technique 
was used to identify the peak of “P3b” activity for each trial.  The seed signal was the grand-
averaged 500-ms window of activity centered on the visually inspected peak of P3b activity for 
fastest-switching suppressed-eye probes.  Single-trial P3b peak latency was determined by 
selecting the timestamp corresponding to the peak of the seed signal where the cross correlation 
was largest.  Single-trial P3b peak latencies were correlated with reversal latency.  Correlation 
coefficients (Pearson’s r) were calculated for each subject individually.  Since Pearson’s r 
correlation coefficients are not normally distributed (Fisher, 1915), they were transformed using 
a Fisher’s Z-transformation procedure before being tested for significance using a two-tailed t-
test.  Transformed coefficients were also averaged and then transformed by using the inverse of 
Fisher’s Z-transformation to correlation coefficients to obtain group-level statistics.   
 
Response-locked ERP recording and analysis  
Data for ERPs time-locked to the button release (i.e., end of the current percept) were 




Data were segmented into 2000-ms epochs time-locked to the button release (-1500 to 500 ms).  
Trial activity was baseline-corrected using the average amplitude from -1500 to -1000 ms.   
Grand-average ERP waveforms were calculated in a manner consistent with that 
described for probe-locked ERPs with the exception that paired-sample t-tests (two-tailed) were 
used to compare mean voltage differences between the two conditions within only the time 
window of a central parietal positivity (which we identify as a P3b-like activity).  The time 
window for this activity (henceforth referred to as P3b) was 500 ms and chosen to be centered on 
visually inspected peaks from the grand average of all trials (i.e., collapsed over dominant- and 
suppressed-eye probes).  P3b amplitude (mean voltage within the P3b window) was correlated 
with piecemeal duration (log transformed) at the trial level providing a correlation coefficient 
(Pearson’s r) for each subject.  In a manner consistent with the procedures described above, 
correlation coefficients were transformed using a Fisher’s Z-transformation procedure before 
being tested for significance using a two-tailed t-test. Finally, data were also quartile split within 
subjects as a function of both reversal latency and piecemeal duration.  T-tests for linear trend 
were conducted for the mean voltages in each component window in a manner consistent with 
the suppressed vs. dominant ERP analysis. 
 
Results 
Behavior   
Within-subject median reversal latencies were calculated separately for dominant and 
suppressed-eye probes.  Reversal latencies following probes presented to the suppressed eye  
occurred much faster (M = 1162 ms, SD = 272 ms, range = 840-1708 ms) compared to those 




Furthermore, this pattern was observed in all 15 subjects, indicating that probes presented to the 
suppressed eye accelerate the reversal process (Mdiff = 1312 ms; t(14) = 14.28, p < 0.0001).  
Median reversal latencies split into quartiles were calculated for suppressed-eye probes (Figure 
2a).  Figure 2b displays a histogram based on binned reversal latencies for suppressed-eye probes 
for all subjects.  
ERPs: sensory components  
Topographic plots are displayed for the P1 and N1 components (Figure 3a).  Figure 3b shows the 
grand-averaged waveforms for suppressed- (red) and dominant-eye (blue) probes for locations; 
delayed timing of posterior N1 relative to anterior N1).  In particular the N1 (P3: t (14) = 2.78, p 
< 0.05; P4: t (14) = 2.49, p < 0.05) amplitudes were larger for suppressed-eye than for dominant-
eye probes.  Suppressed and dominant-eye probes were statistically indistinguishable within the 
P1 component window (P3: p = 0.26; P4: p = 0.58).  In short, we found that N1 amplitudes 
varied as a function of whether the probe appeared in the suppressed or dominant eye.  If the 
processes related to these components play a causal role in the perceptual reversal, 
Figure 2: Behavioral results. (a) Average reversal latencies for suppressed-eye probes reported as a 
function of reversal latency, and corresponding standard errors of the means. (b)   Reversal latency (ms) 
for all suppressed-eye probe trials for all subjects.  Reversal latencies were grouped into 100-ms wide 
bins (plotted along x-axis).  Bin count plotted along the y-axis.  Colored regions and dashed lines that 





Figure 3: Early sensory ERPs time-locked to probe onset. (a) Topographic distribution of voltage (µV) 
plotted separately for P1 and N1 ERP component windows for suppressed-eye probes, dominant-eye 
probes, and the difference between them.  Stars show the location of electrode activity plotted below. (b) 
Suppressed-eye vs. dominant-eye probe ERP activity. Time (ms) from probe onset plotted on X axis.  
Voltage (µV) plotted along Y axis (negative up).  Vertical line at time 0 corresponds to probe onset.  
Suppressed-eye probes (red) evoke enhanced N1 activity (P3 & P4). (c) Suppressed-eye probe ERPs 
time-locked to probe onset split into quartiles based on reversal latency. Time (ms) from probe onset 
plotted on X axis.  Voltage (µV) plotted along Y axis (negative up).  Vertical line at time 0 corresponds to 




then their amplitude should be associated with reversal latency.  This hypothesis was tested by 
splitting the ERP data from the suppressed-eye probes into quartiles based on the speed with 
which a reversal followed the probe and comparing the ERP amplitudes in each condition 
(Figure 2: fastest-switching, fast-switching, slow-switching and slowest-switching probes).  
Analyses were carried out separately for the P1 and N1 component windows. Mean quartile 
ranges are displayed in Figure 2b and quartile ERPs for suppressed-eye probes are plotted in 
Figure 3c.  P1 amplitude varied significantly as a function of quartile (P3: t (14) = 3.23, p < 0.01; 
P4: t (14) = 2.98, p < 0.05 for linear trend), such that the fastest switches were accompanied with 
larger amplitudes.  The linear trend for N1 amplitude as a function of reversal latency was in the 
expected direction but did not reach significance (P3: t (14) = 2.02, p = 0.06; P4; t (14) = 2.08, p 
= 0.06).  We note that reversal latency was not associated with probe delay from the previous 
reversal (mean r = -0.001, t(14) = 0.07, p = 0.94) indicating that jittering the probe onset did not 
cause the observed relationship between reversal latency and the amplitude of the P1. Instead, 
the fact that larger P1 amplitude was associated with faster reversals suggests that the extent to 
which the probes are processed determines how likely they elicit a reversal.  
 
ERPs: P3b analyses   
Prior research has shown that suppressed-eye probes elicit a larger P3b than dominant-eye 
probes (Valle-Inclan et al., 1999), consistent with them attracting greater attention (for reviews 
of P3b and attention see Fabiani et al., 2007; Polich 2007, 2012).   We replicated this finding (see 
Figures 4a for maps and 4b for waveforms at P3: t (14) = 7.55, p < 0.0001; and P4: t (14) = 7.38, 
p < 0.0001).  Importantly, P3b amplitude varied monotonically as a function of reversal latency 





Figure 4: P3b ERPs time-locked to probe onset. (a) Topographic distribution of voltage (µV) plotted for 
P3b ERP component window for suppressed-eye probes, dominant-eye probes, and the difference 
between them.  Stars show the location of electrode activity plotted in Figures 4b and 4c.  (b) 
Suppressed-eye vs. dominant-eye probe ERP activity. Time (ms) from probe onset plotted on X axis.  
Voltage (µV) plotted along Y axis (negative up).  Vertical line at time 0 corresponds to probe onset.  
Suppressed-eye probes (red) elicit enhanced P3b activity (P3 & P4) relative to dominant-eye probes 
(blue). (c) Suppressed-eye ERPs sorted as a function of reversal latency time-locked to probe onset. 
Time (ms) from probe onset plotted on X axis.  Voltage (µV) plotted along Y axis (negative up).  Vertical 




was largest for the fastest switches (Figure 4c).  However, before interpreting this relationship 
with P3b amplitude we need to consider a latency explanation of this amplitude difference.  For 
example, it is possible that the greatly reduced P3b activity in the slow- and slowest-switching 
quartiles may be due to highly variable P3b latencies within those two quartiles (corresponding 
to the variability in reversal latency for these quartiles seen in Figure 2).  To address this 
possibility, we extended the epoch of the probe-locked ERP analyses to include activity 3000 ms 
after probe onset, and sorted trials based on reversal latency.  Figure 5 plots single-trial ERP 
amplitudes averaged over electrodes P3 and P4 for each subject sorted by reversal latency.  
There is a relationship between the positive deflection in the P3b time window (and beyond) and 
reversal latency (black dots in the plots), suggesting that the amplitude differences between 
quartiles are indeed due to latency jitter of the P3b.  More importantly, for most subjects the 
moment of maximum positivity coincides with the timing of the button release, indicating 
awareness of the reversal. In other words, the observed differences in the P3b window do not 
reflect probe-related activity, but instead reflect the reversal itself, as the P3b varies in latency 
tracking the time of reversal instead of peaking at a fixed time following probe onset. To support 
this claim, we computed correlations between the peak of the P3b (estimated using the lagged-
cross correlation technique described in the method section) and reversal latency, separately for 
each subject.  This analysis revealed consistently high positive correlations (mean r = 0.53, t(14) 
= 8.01, p < 0.0001) again suggesting that P3b activity indexes reversal-related activity. 
To further support this view, we also time-locked the waveform to the button release 
(indicating the end of the current percept; see Figure 6).  In this figure, the ERP waveforms are 
sorted as a function of reversal latency quartile and of whether the probe had previously 





Figure 5: Suppressed-eye ERPs sorted as by reversal latency time locked to probe onset.  Each 
plot represents data for a single subject. Time (ms) from probe onset plotted on X axis.  Horizontal lines 
within each plot correspond to within-subject quartile boundaries. Black dots represent the timestamp of 
the button release (i.e. end of current percept). Warm and cold colors represent positive and negative 




waveforms there is a clear and consistent positive deflection around the time of the button-
release (0 time in the figure). Finally, response-locked P3b amplitudes did not vary as a function 
of eye (i.e., suppressed vs. dominant eye; P3: t (14) = 0.54, p = 0.59; P4: t (14) = 0.71, p = 0.49), 
or as a function of reversal latency either for the suppressed eye (P3: t (14) = 0.03, p = 0.98; P4: t 
(14) = 0.45, p = 0.66) or the dominant-eye (P3: t (14) = 0.51, p = 0.62; P4: t (14) = 0.14, p = 
0.89).  In other words, similar P3b activity is evoked regardless of when a reversal occurs, 
consistent with it tracking reversal-related processes associated with changes in awareness.  An 
analysis of P3b and piecemeal duration (i.e., the period in which the two percepts are vying for 
Figure 6: ERPs sorted as a function of reversal latency time-locked to button release. Time (ms) 
from probe onset plotted on X axis.  Voltage (µV) plotted along Y axis (negative up).  Vertical line at time 
0 corresponds to button release.  “P3b-like” activity apparent at parietal electrodes and does not vary as a 




dominance) further implicates the P3b in the actual perceptual switch.  Single-trial analysis of 
piecemeal duration and P3b amplitude (using a within-subject’s correlation method) revealed a 
significant linear relationship between P3b amplitude and piecemeal duration such that P3b 
amplitude reduces as piecemeal duration increases (mean r = -0.07; t (14) = 3.45, p < 0.01).  
Single-trial analyses are more susceptible to noise and can obscure the linear relationship 
between amplitude and any other measure.  To provide further support for a linear relationship 
between piecemeal duration and P3b amplitude, data were split into quartiles based on piecemeal 
duration.  Figure 7 shows ERP activity time-locked to the button release as a function of 
Figure 7: ERPs plotted as a function of piecemeal time-locked to button release. Time (ms) from 
probe onset plotted on X axis.  Voltage (µV) plotted along Y axis (negative up).  Vertical line at time 0 
corresponds to button release.  “P3b-like” activity apparent at parietal electrodes and varies as a 
function of piecemeal duration for suppressed-eye probes (top row) and dominant-eye probes (bottom 




piecemeal duration quartiles, again separately for reversals following suppressed (top row) and 
dominant eye probes (bottom row).  
 
Discussion 
The results of this study replicate and extend those of previous work investigating 
binocular rivalry using a probe paradigm.  Specifically, we replicated behavioral data suggesting 
that probes presented to the suppressed eye can accelerate a switch to the suppressed-eye image 
(Walker & Powell, 1978; Fox, 1991; Valle-Inclan et al., 1999), as well as ERP data showing that 
suppressed-eye probes elicit larger P3b activity than dominant-eye probes. Interestingly, 
however, we found that probes also elicited early sensory activity (i.e., N1) that differed 
depending on whether the probe appeared in the suppressed or dominant eye: N1 amplitudes 
were greater for suppressed-eye probes. This finding is consistent with the idea that probes are 
processed differentially as a function of whether the probe appears in a dominant or suppressed  
channel.  Intuitively, larger N1 amplitudes suggest that probes are more effective (i.e., better 
processed) when presented to the suppressed eye.  Yet this finding is not consistent with the 
wealth of literature showing higher detection thresholds and reduced detection performance for 
probes presented to the suppressed-eye relative to probes presented to the dominant-eye, or to 
monocular probes (Wales & Fox, 1970; Fox & Check, 1972; Norman, Norman, & Bilotta, 2000; 
Alais, Cass, O’Shea, & Blake, 2010; Baker & Cass, 2013).   There are a couple of possibilities 
for why the N1 may nonetheless be larger. Given that N1 amplitude is known to vary as a 
function of attention, it is possible that suppressed-eye probes, by virtue of being processed in an 
unattended channel, produce a larger redirection of attention than dominant-eye or monocular 




probe and thus reduced its amplitude (Miller et al., 2015); the “competing” stimulus in the 
suppressed-eye, however, was itself suppressed and thus may have produced little competition 
for the probe.  Future work is needed in order to explain this seemingly paradoxical finding.   
 Crucially, when average ERPs were computed time-locked to the suppressed-eye probes, 
it appeared that both P1 (Figure 3) and P3b (Figure 4) varied in amplitude as a function of 
reversal latency, suggesting that both play a critical role in probe-induced reversals.  However, 
when analyses were conducted on a trial-by-trial basis (Figure 5), they clearly showed that a 
positive deflection occurred right before the reversal.  When reversal latency was very short, this 
positivity corresponded tightly (in terms of polarity, latency, and scalp distribution) with the 
probe-related P3b for the same type of trial.  Therefore, it is logical to conclude that this 
positivity has the same significance on all trials –those for which the latency of reversals is short 
and those for which it is long.  According to this logic, we should label this positivity “P3b” 
independently of its latency from the probe, and we should conclude that the P3b heralds the end 
of one percept and the upcoming decision to release the button as a result of the perception 
change on all trials, independently of the latency at which this behavior occurs.  In this sense, it 
is P3b latency, and not amplitude, that varies as a function of reversal latency.  In fact, when 
averages were computed time-locked to the button release (Figure 6), the amplitude differences 
across quartiles of reversal latency disappeared.  Instead, P3b amplitude was found to vary as a 
function of piecemeal duration regardless of whether the probe previously appeared in the 
dominant or suppressed eye (Figure 7).  
 
Early sensory components 




remain elusive, current models of binocular rivalry posit that perception settles as a result of a 
winner-take-all competition resulting from the high degree of binocular disparity existing 
between the two retinal images (i.e., reciprocal inhibition; see Kang & Blake 2011).  One 
possible explanation for probe-induced reversal acceleration is that suppressed-eye probes boost 
activity in the eye-specific monocular channels in primary visual cortex (i.e. V1).  If sufficient, a 
disruption, or change in the perceptual weights of items made accessible to awareness could lead 
to a change in perception during binocular rivalry.  Larger disruptions would then be associated 
with faster switches.  
 Our data are consistent with the idea that the degree to which the probe is processed in 
early visual cortex predicts whether it will result in a switch. In particular, the fact that P1 
amplitude varies as a function of reversal latency suggests that heightened processing of the 
probe (as indexed by P1 amplitude) increases the likelihood that perception will switch to the 
suppressed-eye. Both P1 and N1 amplitudes have been associated with perceptual salience, such 
that better processed stimuli will elicit larger P1 and N1 amplitudes (Luck et al., 2000).  Miller et 
al. (2015) have recently argued that P1 activity indexes extrastriate processing, while N1 activity 
reflects the feedback of extrastriate processes back onto V1.  The N1 does not show this same 
relationship with reversal latency.  However, because the N1 follows the P1 closely in time it is 
possible that the increasingly positive deflection of the P1, as a function of reversal latency, is 
obscuring a similar relationship between reversal latency and N1 amplitude due to component 
overlap.   
 
P3b 




with several cognitive processes, including context updating (Donchin 1981, Donchin & Coles 
1988), access to consciousness (Dehaene et al., 2003; Sergent, Baillet, & Dehaene, 2005; Del 
Cul, Baillet, & Dehaene, 2007), perception/action “closure” processes (Verleger et al., 2005), 
and representational maintenance (Polich, 2007, 2012), all resulting from attention processes (for 
a review see Fabiani et al., 2007).  A critical aspect of the P3b is that it is considered to be an 
endogenous component, that is, a component that can be generated even in the absence of an 
external stimulus (see Fabiani et al., 2007).  Although typical P3b paradigms ask participants to 
detect the presence or absence of a target often presented at some detection threshold, in some 
studies it has been shown that omitted stimuli can also generate a P3b (e.g., Sutton, Tueting, 
Zubin & John, 1967).  In general, P3b should be considered as the manifestation of an internal 
process, which may or may not be related to the presentation of an external stimulus – depending 
on the subject’s task.   
Our paradigm differs from most of those used in previous research in that, rather than 
having subjects detect a target, we ask them instead to respond to changes in conscious 
awareness that may (or may not) be accelerated by presenting probes to the suppressed eye.  In 
our own data, we find that P3b activity tracks reversal-related processes such that P3b peak 
latency coincides with switches in perception.  This suggests that P3b activity elicited by 
suppressed-eye probes occurs not as a result of the appearance of a probe per se, but instead as a 
result of a change in conscious awareness, which is facilitated by the appearance of a probe in 
the suppressed eye.  The P3b data also suggest dramatic differences between trials that lead to 
rapid perceptual switches and trials that do not, as demonstrated by the finding that P3b 
amplitude varies as a function of piecemeal duration, but not as a function of reversal latency.  




parietal attention network (FPN), and that this activation may result in the reprogramming of the 
perceptual network such that the suppressed-eye representations are up-regulated and the 
dominant-eye representations are down-regulated.  We suggest that P3b amplitude reflects the 
strength of the commitment to reprogram the perceptual network, whereby a greater 
commitment, and hence increased involvement of FPN, leads to a more rapid and/or robust 
upregulation of the suppressed-eye representation.  However, prior research has shown that P3b 
amplitude to a primary task varies as a function of workload, such that higher secondary task 
workload is associated with reduced primary task P3b amplitude (Kramer, Wickens, & Donchin 
1985).  Thus it remains possible that the relationship between P3b amplitude and piecemeal 
duration could merely reflect differences in workload, where longer piecemeal durations, 
requiring greater workload, would be associated with reduced P3b amplitudes.  We note, 
however, that this account is compatible with our upregulation account.   
The data of the current study suggests that changes in perception during binocular rivalry 
are accompanied by a particular brain process, which is manifested at the scalp by a 
P3b.  Although it is not clear whether this brain process is in itself a cause or an effect (or even 
just a correlate) of the perceptual change, we believe that the latency and amplitude of the P3b 
can be taken as indices of the timing and extent to which stimulus representations within the 
brain are modified, and perception changes.  If this is true, then the data would suggest that: (a) 
there is a discrete moment at which representations are modified, which is identified by the 
timing of the P3b; and (b) there is a gradation in the extent to which representations are 
modified, as indicated by the fact that longer piecemeal durations are associated with a smaller 
P3b and vice versa.    




related representations has been proposed by several other investigators (e.g., Donchin, 
1981; Donchin & Coles, 1988; Dehaene, Sergent & Changeux, 2003).  Specifically, Dehaene and 
colleagues have elaborated a network-based model in which P3b activity indexes a global and 
coordinated large-amplitude activation of distributed brain areas (Dehaene, Sergent, & 
Changeux, 2003).  Dehaene describes this process as “cortical ignition,” whereby information 
being processed in relatively local and specialized processors are made globally available to 
other distant processors (Dehaene & Changeux, 2011; see also Dehaene & Changeux, 2005).  In 
their proposal it is this access to a global neuronal workspace that distinguishes conscious from 
unconscious content. 
It should be noted, however, that Dehaene and Changeux (2005) seem to favor the 
idea that the process of global ignition is a discrete, all-or-none phenomenon associated with a 
cascading, positive-feedback process that once begun needs to run its complete course (a full re-
programming of the network) so that a new percept is formed.  According to this idea, some 
stimuli, and not others, lead to global ignition, and this is related to the extent to which 
the positive-feedback process is triggered.  This view appears at first glance contradictory to our 
observation that the network re-programming may be graded, as indicated by the relationship 
between smaller P3b and piecemeal duration.  It may similarly appear contradictory with a large 
series of studies in which P3b amplitude appears to be graded as a function of various 
manipulations, such as stimulus probability (e.g., Duncan-Johnson & Donchin, 1977), stimulus 
sequence (e.g., Squires, Wickens, Squires, & Donchin, 1976), and task priority (e.g., Sirevaag, 
Kramer, Coles, & Donchin, 1989).  A possible explanation for this apparent contradiction might 
be that in several of these studies (but see Squires et al., 1976), P3b amplitude was quantified on 




mixture of distributions of trials in which P3b was, or was not elicited, with the probability of 
elicitation varying across conditions.   
It is not clear, however, how this interpretation would fit with our observation that P3b 
amplitude is associated with the duration of the piecemeal process.  Our data indicate that the re-
programming leading to the new percept is not always the same, as the amplitude of P3b is 
correlated with the subsequent duration of the piecemeal operation.  There are two ways of 
interpreting this finding.  The first is that the reprogramming occurring during binocular rivalry 
includes two stages: (a) a stage in which both percepts occur at the same time, and (b) a stage in 
which the new percept wins the tug-of-war with the old percept.  Perhaps two separate P3b’s are 
then elicited during this process, one for each stage.  On some trials, the two stages occur in 
rapid succession, generating an apparently larger P3b.  A problem with this hypothesis is that the 
data presented in Figure 7 do not provide any evidence of a double peak, or even of a 
prolongation of the duration of the P3b as a function of increase in piecemeal period 
duration.  The second account is that the reversal (i.e., re-programming) process may vary in 
intensity across trials: on some trials the re-programming of the network is very intense, leading 
to a rapid reversal in which the piecemeal period is short, whereas on other trials the process is 
less intense, leading to a slow reversal, in which the piecemeal process is relatively long.  Note 
that, according to this second hypothesis, P3b only indexes the beginning of the reversal process, 
but not its end: in this view, P3b would appear to be more logically considered an antecedent (or 
a correlate of an antecedent) rather than a consequence of the reversal itself. 
In summary, our data provide compelling evidence that probe-mediated binocular rivalry 
reversals are accompanied by two distinct ERP components:  an early component whose 




amplitude index reversal-related activity (i.e., P3b).  For the first time, we have shown that P1 
amplitude (time-locked to probe onset) is inversely related to reversal latency, indexing the 
degree to which the probe was processed in early visual areas, and by extension, the degree to 
which the probe was likely to accelerate reversals.  The relationship between P1 amplitude and 
reversal latency suggests that the P1 may be a prerequisite to the NCC, such that sufficient 
sensory processing may be required in order for any update to consciousness to occur.  We have 
also shown that P3b amplitude varies as a function of piecemeal duration, which we believe 
indexes the commitment of the brain to reprogram the perceptual network accompanying 
changes in conscious perception.  Taken together, our data provide further evidence that the P3b 
is a marker for the NCC.  Although it is often difficult to distinguish between the NCC proper 
and consequences of the NCC (Aru et al., 2012), the fact that the P3b indexes the start of the 





CHAPTER 3:  ON- VS. OFF-OBJECT PROBES: BEHAVIORAL EFFECTS 
 
Researchers often perturb, or probe, binocular rivalry images to better understand the 
mechanisms under which rivalry operates.  Some of the first attempts included presenting brief 
flashes of light superimposed over either the dominant- or suppressed-eye image.  Detection 
thresholds for brief flashes appearing over the seen image are much lower relative to flashes 
appearing over the unseen image (for a review, see Blake et al., 1990; Fox, 1991; Fox & Check, 
1968; Wales & Fox, 1970), consistent with the idea that the representation of the unseen image is 
suppressed (or at least down-regulated) from awareness.  Researchers also noted that probes 
presented to the suppressed eye tend to accelerate reversals, whereas probes presented to the 
dominant eye tend to decelerate reversals (Blake et al., 1990; Fox, 1991; Fox & Check, 1968; 
Walker & Powell, 1979).  Indeed, as Valle-Inclan et al. (1999) would later show that percept 
duration for no-probe (i.e. trials where neither image is perturbed) trials fell midway between 
percept durations for dominant-eye and suppressed-eye probes, consistent with probes 
accelerating or decelerating reversals depending on to which eye they are presented.  This pattern 
of data is consistent with the idea that probes effectively boost or strengthen the representation of 
the object over which they appear.  In the case where the probe appears over the suppressed eye, 
the suppressed-eye percept may be rescued from suppression, forcing it to once again compete 
with the dominant-eye percept for access to awareness, which would tend to shorten percept 
durations.  In the case where the probe appears over the dominant eye, the dominant-eye percept 
may be rescued from adaptation, which tends to lengthen percept durations.   
What is not known, however, is whether it is the eye or the object that is being rescued. 




(Alais & Parker, 2006; Bhardwaj et al., 2008; Blake et al., 1990; Fox, 1991; Stuit et al., 2009; 
Walker & Powell, 1979, Valle-Inclan et al.,1999), making it unclear whether it is the case that 
the probe is effective primarily because it appears in the suppressed eye or on the suppressed 
object.  Here we manipulate the placement of the probe to gain insight into the effect of the 
probe on the subsequent reversal; is a probe presented anywhere in the suppressed eye sufficient 
for accelerating reversals (eye-based mechanisms) or is it more effective when presented on the 
suppressed object (object-based mechanisms)? 
 Evidence for eye-based mechanisms comes from Ooi & He (1999) who presented 
exogenous ‘pop-out’ cues near target objects in the suppressed eye.  They showed that these cues 
increased the likelihood of detecting the suppressed target.  Furthermore, Zhang et al. (2012) 
showed that attentional cues, both endogenous (i.e. subject voluntarily directs their attention) and 
exogenous (i.e. a physical stimulus automatically direction the subject’s attention), decreased the 
suppression time of a target stimulus presented during continuous flash suppression, a 
phenomenon thought to be related to binocular rivalry (Jiang, Costello & He, 2007; Wilke, 
Logothetis, & Leopold, 2003).  Together, these findings suggest that probes might 
accelerate/decelerate reversals depending on which eye they appear in, regardless of the location 
within that eye.   
Evidence for object-based mechanisms comes Alais & Parker (2006).  In that study, 
subjects experienced two forms of rivalry: global motion (i.e. outward vs. inward motion), and 
face rivalry (i.e. two different faces).  Subjects were asked to respond to two probe types: motion 
probes and face probes.  Probe type (motion or face) was either congruent or incongruent to the 
rivalry stimululs.  For example, a motion probe presented during motion rivalry is congruent, 




argue that all eye-specific content is suppressed, would predict no differences between congruent 
and incongruent probe types.  Object based accounts, however, would predict differences.  The 
authors found that sensitivity to probes was drastically reduced when the probe type matched the 




General behavioral methods for Experiment 1 and 2 
Binocular rivalry was induced by presenting textures 
to one eye and faces to the other eye (see Figure 8).  Texture 
images consisted of 2 texture patterns including gravel, and 
sand.  Face images consisted of one male and one female 
emotionally-neutral face.  All images were oval-shaped and 
were surrounded by an oval-shaped border consisting of 
alternating black and white patches (0.3 and 6.9 cd/m2 
respectively).  Images were presented in blue/red pairs such 
that one image would be red and the other blue.  Red/blue 
pairings were counterbalanced across trials.  Behavioral 
pilot studies determined which face and texture image pairs 
yielded the best balance of dominance; that is, that both 
images in the pair dominated perception equally often for a majority of subjects.  Four pairs (2 
male/texture and 2 female/texture) were counterbalanced for red/blue pairs, yielding a total of 8 
pairs of images.  Image luminance was adjusted so that mean image brightness of both the oval-




shaped face and the texture images measured 2.4 cd/m2 in a dark room.  A small fixation cross 
subtending 0.21 degrees was placed in the center of the oval images.  The fixation cross was gray 
and measured 2.6 cd/m2 in a dark room.  Background luminance was 0.3 cd/m2. 
Subjects were seated 110 cm from the display monitor (17” NEC® Multisync 175m 
LCD, refresh rate 75 Hz, screen resolution 1280 x 1024, 96 PPI) and viewed the image pairs 
through prism lenses (base out, diopter of 14; average pupillary distance).  A viewing box 
equipped with a central divider ensured that subjects viewed each image with only one eye.  
Subjects were asked to maintain careful fixation, and to keep still while positioned on a chin rest.  
They were instructed to use a strict criterion (“complete or nearly complete percept”) to 
continually report which percept was dominant (i.e., complete face or complete texture) by 
holding down one of two buttons on a keyboard using their right index finger for as long as that 
percept remained perceptually dominant.  Number pad buttons ‘1’ and ‘2’ corresponded to face 
or texture percepts (counterbalanced across subjects).  Subjects were instructed to press neither 
button during periods in which neither image dominated perception (i.e., “piecemeal”). 
Probe stimuli were checkerboard circles (see Figures 9 and 11) that subtended 0.42 
degrees of visual angle in diameter and were composed of alternating quadrants of gray and 
white squares (2.6 and 6.9 cd/m2 respectively). Probes appeared on average 500 ms (jittered 
between 300-700 ms; interval chosen randomly from a uniform distribution) after each button 
press (signifying the start of a new percept).  Probes appeared for 200 ms in either the dominant 
or suppressed eye with equal probability.  Subjects were provided with no information about the 
probe other than to maintain careful fixation and accurately report their perception. If subjects 
asked about the probe stimulus during the experiment, they were informed that the probe was 




(Psychology Software Tools, Inc.) running on a Windows 7 desktop computer. 
Each experiment started with a brief practice session, which consisted of viewing the 
binocular rivalry images (without the presentation of the probe) and verbally indicating their 
perception.  On average, practice lasted about 2 minutes.  Blocks consisted of a 1.5 second 
presentation of the fixation cross and fusion frame, followed by ~58 seconds of the face and 
texture stimulus pair, and ended with the 0.5 second presentation of a red/blue noise mask (2.6 
cd/m2).  Each period of perceptual dominance was considered a trial.  Trials could either include 
the presentation of a probe, or not (‘no probe trial’).  Probes were presented on average (11 times 
per block; range = 7-17). Subjects received short breaks (< 1 minute) in between blocks and 
longer breaks as needed.    
 
General behavioral analysis for Experiment 1 and 2 
Percept duration was calculated as the amount of time between a button press and a 
subsequently corresponding button release. Percepts were sorted into conditions based on where 
the probe appeared after the button press:  on or off the object and in the suppressed-eye or 
dominant-eye.  Percept duration analyses included all percepts regardless of duration.  Percept 
durations were calculated separately for each condition and subject, and submitted to repeated 
measures ANOVAs.   
 
Experiment 1: On object vs. off object 
The aim of experiment 1 was to determine whether probes are equally effective 
regardless of where they appear in the suppressed eye, or whether they are more effective when 




probes accelerated reversals (or decelerated reversals in the case of dominant-eye probes) 




Twenty subjects from the Psychology department 
course-credit subject pool (19 female, age range = 18-24) 
participated after providing written informed consent as 
approved by the University of Illinois Institutional Review 
Board.  Subjects were compensated with course credit.  
Participants self-reported normal or corrected-to-normal 
vision.  To ensure stable, and reliable dependent measures, 
subjects were excluded if they had fewer than 40 reversals 
in any condition.  Three subjects were excluded based on this criterion, leaving a total of 17 
subjects.   
 
Stimuli and procedures  
Texture and face objects were elongated along the vertical axis (measuring 4.17 degrees 
vertically and 2.6 degrees horizontally).  Probes could appear in one of 8 locations determined 
randomly and with equal probability; probe locations included two ‘on-object’ (above and below 
the horizontal meridian but along the vertical midline), and two ‘off-object locations (left and 
right of the vertical meridian but along the horizontal midline).  In addition, probes could appear 
in either the suppressed or dominant eye (4 locations within each eye for a total of 8 conditions; 





Figure 9).  Probe eccentricity from fixation was maintained across all conditions and measured 
1.72 degrees of visual angle.  Off-object probes appeared 0.4 degrees from the rivalry image (i.e. 
nearest edge to edge distance).  Reversal rates and percept durations for ‘no-probe’ trials served 
as a baseline comparison.  The experiment consisted of 3 groups of 20 blocks in which each 
block lasts 1 minute each for a total of roughly 60 minutes of binocular rivalry viewing time.  
Within each group of blocks, the first and last consisted of 1-minute no-probe blocks.  The 
remaining 18 blocks in the group consisted of 16 probe and 2 no-probe blocks randomly 
intermixed, for a total of 16 probe and 4 no-probe blocks per group.   In total this produced 48 
probe blocks, and 12 no-probe blocks in the experiment.  Overall, there was an equal probability 
of no-probe, suppressed-on probe, suppressed-off probe, dominant-on probe, and dominant-off 
probe trials.  Subjects were provided with short break in between each trial, and longer breaks 
between each block of trials. 
 
Results 
Percept duration data were entered into a two-way repeated measures ANOVA where 
probed-eye served as one factor (i.e. suppressed vs. dominant), and location served as another 
factor (i.e. on vs. off the images).  Experiment 1 replicated results from Valle-Inclan et al. (1999) 
showing that suppressed-eye probes accelerate reversals relative to dominant-eye probes (Mdiff = 
417 ms; F(1,16) = 31.10, p < 0.001; Figure 10).  There was no main effect of location (F(1,16) = 
0.15, p = 0.70) but instead a significant interaction of probe location (i.e. on vs. off object) and 
probed eye (i.e. suppressed vs. dominant); suppressed-eye probes accelerate reversals when the 
probe is over the object relative to off the object, whereas dominant-eye probes decelerate 




17.27, p < 0.001).  Another way to think of the interaction is that differences in percept duration 
for suppressed-eye vs. dominant-eye is larger for on-object probes relative to off-object probes.  
Interestingly, although the difference between suppressed and dominant eye probes is larger for 
on-object than off-object, planned comparisons of the suppressed-eye and dominant-eye for the 
off-object probes revealed a significant effect of eye (t(16)=4.32, p<0.001); that is, significantly 
longer percept duration for an off-object probe in the dominant-eye than in the suppressed-eye. 
Thus, although the probes were more effective when presented on the object, it was still the case 
that, in accordance with Zhang et al. 2012, there was also an effect of eye; reversals are 
accelerated for suppressed eye-probes compared to dominant-eye probes even when they do not 
appear over the object. 
 We also conducted a number of other planned pair-wise comparisons (two-tailed) to 
better understand whether we should think of these modulations of percept duration as 
accelerations or decelerations, or both, by comparing on-object and off-object conditions against 
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perceptual durations than the no probe condition (on-object: t(16)=5.96, p < 0.001; off-object: 
t(16)=4.56, p < 0.001), whereas neither suppressed-eye probe condition significantly differed 
from the no-probe condition.  Table 2 shows all the above-mentioned pair-wise comparisons, 
which were corrected for multiple comparisons using false discover rate implemented in 
MATLAB (Bejamini & Yekutieli, 2001).  FDR-corrected p-value threshold for an  of 0.05 was 
0.001.  Such a pattern of results is consistent with dominant-eye probe decelerating reversals 
rather than suppressed-eye probes accelerating reversals.  
 









Sup-off vs. Dom-off 284 ms 66 ms 4.32 0.001* 
Sup-on vs. no-probe   73 ms 96 ms 0.76 0.456 
Sup-off vs. no-probe   87 ms 93 ms 0.93 0.364 
Dom-on vs. no-probe 478 ms 82 ms 5.80 <0.001* 
Dom-off vs. no-probe 370 ms 81 ms 4.56  <0.001* 
* indicates significant after correction for multiple comparisons  
(FDR; p-value corrected threshold = 0.001) 
 
Discussion 
In summary, in keeping with previous research (Fox 1991; Valle-Inclan et al., 1999; 
Walker & Powell, 1979) data from Experiment 1 indicated that suppressed-eye probes 
accelerated reversals (i.e. led to shorter percept durations) relative to dominant-eye probes. 
Interestingly, with respect to our question regarding the efficacy of the probe, we found that the 
difference in percept duration engendered by suppressed- as opposed dominant-eye was larger 
for on-object probes.  Follow-ups comparing the various probe conditions to the no-probe 
condition further suggests than this difference between suppressed- and dominant-eye probes 




due to suppressed-eye probes. Such a result is consistent with dominant-eye probes rescuing the 
dominant percept from adaptation thereby decreasing the probability that a reversal will occur.   
This object-based effect is not the whole story, however; there was a significant 
difference between suppressed off-object probes and dominant off-object probes, which suggests 
another effect at the level of the eye.  However, the off-object probes were presented within the 
range of interocular influence (0.5 degrees; Fukuda & Blake 1992), leaving open the possibility 
that off-object probes are only effective when near the rivalry object.  Such a result would align 
the off-probe effect with an object-based mechanism rather than an eye-based effect, as its 
effectiveness would be mediated by the object itself rather than the eye more generally. In 
Experiment 2, we assess whether the off-object probe is effective because it is near the object.  
 
Experiment 2: Off-object proximate vs. off-object distant 
Although both probes were within a spatial range known to interact with dominance 
durations (see Fukuda & Blake, 1992), it is possible that the on/off difference is better thought of 
as an effect of the probe’s proximity to the object.  In Experiment 2 we not only attempted to 
replicate the on/off effect, but also ask whether off-object probe effects vary as a function of 
distance from the object.  Importantly, only the nearest off-object probe is within the zone of 
interocular influence (Fukuda & Blake, 1992). 
 
Method  
Twenty-one subjects from the Psychology department course-credit subject pool (15 
female, age range = 18-22) participated after providing written informed consent as approved by 




credit.  Participants self-reported normal or corrected-to-normal vision.  Subjects were excluded 
if they had fewer than 40 trials in any condition.  Three subjects were excluded based on this 
criterion, leaving 18 subjects.   
 
Stimuli and procedures 
Stimuli and procedures for Experiment 2 were 
similar to Experiment 1 with a few exceptions.  Probes 
could appear in one of 14 locations determined randomly 
and with equal probability (7 locations within each eye for a 
total of 14 conditions; Figure 11).  All probe locations were 
isoeccentric (1.75 degrees of visual angle from fixation).  
However, because the texture and face objects were elongated along the vertical axis (measuring 
4.17 degrees vertically and 1.72 degrees horizontally), the probe distance varied monotonically 
with respect to the rivalry object; the probe was either on the object and centered on the vertical 
midline or off the object with the distances between nearest edges of the probe and the rivalry 
image set to 0.26 (proximate), 0.57 (intermediate), and 0.83 (distant) degrees of visual angle.  
Thus, near-off-image probes were presented within Fukuda & Blake’s critical zone, 
intermediate-off-image probes at about the boundary, and distant-off-image probes outside the 
boundary of the critical zone.   
 
Results and Discussion 
Percept duration data were entered into a two-way repeated measures ANOVA where 
probed-eye served as one factor (i.e. suppressed vs. dominant), and location served as another 




factor (i.e. on vs. off the objects).  We replicated results from Valle-Inclan et al. (1999) and 
Experiment 1 showing a main effect of probe location, such that suppressed-eye probes produce 
shorter percept durations relative to dominant-eye probes (Mdiff = 437 ms; F(1,17) = 28.98, p < 
0.001; Figure 12).  We also replicated findings from Experiment 1 showing a significant 
interaction of probe location (i.e. on vs. off image) and probed eye (i.e. suppressed vs. dominant) 
(interaction: F(1,17) = 39.370, p < 0.001; Figure 12), such that suppressed- vs. dominant-eye 
differences are larger for on-object probes relative to off-object probes.  
To determine whether probe-mediated reversal acceleration (or deceleration in the case of 
dominant-eye probes) occurred relative to a baseline condition (i.e. no-probe), we compared on-
object and off-object conditions against the no-probe condition.  Here we saw a slightly different 
pattern of results from Experiment 1. Both the suppressed-eye on-object (t(17)=2.90, p = 0.01) 
and dominant-eye on-object (t(17)=2.32, p < 0.05) conditions significantly differed from the no 
probe condition whereas neither off-object condition significantly differed from the no-probe 
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no-probe percept duration is considerably shorter in Experiment 2 (2142 ms) relative to 
Experiment 1 (1805 ms), suggesting that such analyses may be more at the mercy of variability 
in the no-probe percept duration than a meaningful difference in the efficacy of the probes.  
Finally, to determine whether eye (as opposed to the object) had any effect, we looked at 
the difference between suppressed-off and dominant-off probes.  As was the case in Experiment 
1, percept duration was significantly longer for an off-object probe in the dominant-eye than in 
the suppressed-eye (t(17)=3.38, p<0.001). Thus, again we saw that although an off-object probe 
presented in the suppressed eye is sufficient to accelerate a reversal (relative to a dominant-eye 
probe), an on-object probe is even more effective at increasing the reversal rate. 
 
 












Sup-off vs. Dom-off 209 ms 62 ms 3.38 0.004* 
Sup-on vs. no-probe   370 ms 127 ms 2.90 0.010* 
Sup-off vs. no-probe   40 ms 120 ms 0.33 0.364 
Dom-on vs. no-probe 294 ms 127 ms 2.32 0.033 
Dom-off vs. no-probe 169 ms 99 ms 1.71 0.106 
* indicates significant after correction for multiple comparisons  
(FDR; p-value corrected threshold = 0.01) 
 
Prior analyses, both in the present experiment as well as Experiment 1, show object-
specific effects, and eye-specific effects.  It’s possible that object- and -eye effects are better 
understood in terms of spatial proximity (i.e. distance from the rivalry object to the probe).  If 
this were the case, probe effects should scale as a function of distance from the rivalry object.  
To determine whether off-object probe effects better support an eye-based mechanism as 
opposed to an object-based mechanism, we assessed the probe’s effectiveness as a function of 




entered into a two-way repeated measures ANOVA where probed eye served as one factor 
(suppressed vs. dominant) and probe distance from images serves as the other factor (i.e. 
proximate, intermediate, and distant).  Figure 13 shows percept durations for the spatial 
manipulation.  As was expected, percept duration was significantly longer for dominant-eye 
probes relative to suppressed-eye probes (F(1,17) = 10.02, p < 0.01).  Critically, percept duration 
did not vary as a function of distance from the rivalry object (F(2,34) = 1.36, p = 0.27), nor did 
distance interact with eye (F(2,34) = 1.09, p = 0.35).  Furthermore, we found no evidence of a 
linear trend in the data, either as a main effect of distance (F(1,17) = 0.55, p = 0.47), or as an 
interaction between probed-eye and distance (F(1,17) = 0.06, p = 0.81).  Finally, percept 
durations for all suppressed-eye off-object conditions (i.e. proximate, intermediate, and distant) 
fell within the 95% confidence interval of the grand mean for suppressed-eye off-object 
conditions (Msup-eye = 2109, CI = 1834 – 2383).  The same was found for dominant-eye probes 
(Mdom-eye = 2341, CI = 1990 – 2963).  In other words, the effect of the probe was more all-or-















and had a small effect on reversals regardless of its proximity to the object. Such a result 
provides support for a separate eye-based mechanism in which a probe affects reversal rate just 
by virtue of appearing in the suppressed eye.  
 
General discussion 
The larger aim of the present study was to better understand the mechanisms of binocular 
rivalry, particularly why perception switches, by looking more closely at probe-mediated effects 
on percept duration.  Prior research has shown that percept duration varies as a function of 
whether probes appear in the suppressed or dominant eye (Fox 1991; Walker & Powell, 1979; 
Valle-Inclan et al., 1999).  Here we asked whether probe-mediated reversal acceleration 
(suppressed-eye probe) or deceleration (dominant-eye probe) is more effective when probes 
appeared over the object as opposed to off the object.  Experiment 1 manipulated probe location, 
such that probes appeared either on the rivalry object or off the object.  Probe location was also 
manipulated in Experiment 2, but included the critical factor of varying distance from the rivalry 
objects.  
We replicate prior work showing that suppressed-eye probes accelerate reversals, while 
dominant-eye probes decelerate reversals (relative to each other).  Critically, however, we show 
that percept duration also varies as a function of whether probes appear on .vs off the rivalry 
objects; that is, differences in percept duration between suppressed-eye and dominant-eye probes 
were much larger for on-object than off-object probes.  Importantly, however, the difference 
between suppressed-eye and dominant-eye probes was still significant for off-object probes. This 
suggests two mechanisms at work in probe-mediated rivalry: a large object-based effect (on-




Object-based effects  
Data from both experiments show that on-object probes more effectively mediate reversal 
latency during binocular rivalry than off-object probes do; both experiments revealed a 
significant 2-way interaction between probed location (i.e. on vs. off), and probed eye (i.e. 
suppressed vs. dominant), such that the difference between suppressed-eye and dominant-eye 
probes is larger when on the object.  There is another way, however, to look at the interaction of 
eye and probe-location that also leads to some insight regarding the mechanisms at work here. 
Relative to off-object probes, on-object probes accelerate reversals when they appear in the 
suppressed eye, but decelerate reversals when they appear in the dominant eye.  It is difficult to 
say whether these accelerations and decelerations are accelerations and decelerations relative to 
no probes, however, since the no probe condition yielded different results in the 2 experiments. 
Nonetheless, taken together, these data suggest that whether the probe’s role is to accelerate or 
decelerate reversals, it is most effective when the probe appears on the object.  That is, these data 
argue against the possibility that probe-mediated reversal acceleration/deceleration is merely 
eye-based.  Were this the case, there’d be no difference between on- and off-object probes.  
 
Eye-based effects 
An account based solely on object-based effects is incomplete and not supported by the 
data.  For instance, both experiments produced significantly longer percept durations for 
dominant-eye off-object probes than suppressed-eye off-object probes.  That is, these probes 
appear off the object, yet are still influencing percept duration. These data therefore provide 
support for an additional eye-based mechanism of probe mediation, although that eye-based 




Distance from the object 
It would appear that eye- and object-based effects are all or none. Neither probe-mediated 
acceleration nor deceleration varied as a function of distance from the rivalry images. In 
Experiment 2, probe distance from the rivalry object varied linearly (while eccentricity from 
fixation remained constant).  However, there is no evidence of a linear trend for distance, either 
as a main effect of distance, or as an interaction between probed eye and distance.  Percept 
durations fall within a 95% confidence interval around the average percept duration, and even a 
visual inspection of Figure 13 suggests no differences, especially in the case of suppressed-eye 
probes.  In other words, the effect of the probe was more all-or-none; either it was on the object 
and accelerated/decelerated the reversal or it was off the object and distance had no effect. The 
fact that the proximate off-object probe, which fell within the zone of interocular influence 
(Fukuda & Blake, 1992), was no more effective than the more distant probes argues against the 
probe effects being mediated by the object itself. Coupled with the significant effect of off-object 
probes, these data provide further support for an eye-based mechanism in which the appearance 
of a probe in one eye influences reversal latency, regardless of whether it appears on the object 
or not.  Taken together then, these data provide support for two separate probe mechanisms: an 
eye-based mechanism and an object-based mechanism, responsible for an even greater effect of 
the probe. 
 
Implications for probe mechanisms of binocular rivalry 
The data provide evidence for two boosting mechanisms: one that boosts eye-specific 
content, and a more robust one that boosts object-specific content.  The data suggest that this 




Why might this be?  There are a number of ways in which to think about this object-
based effect.  One possibility is that on-object probes are processed better than off-object probes, 
and by extension the on-object probes then engender a more robust boosting of either the rivalry 
object or the eye.  This preferential processing of the on-object probe could simply occur because 
it appears in an already attended location (the rivalry object) as opposed to an unattended 
location (the background).  Evidence for this comes from studies involving figure/ground stimuli 
(Nelson & Palmer, 2007; Wong & Weisstein, 1982).  In these studies, participants viewed 
figure/ground stimuli such as Rubin’s face/vase in which one object is perceived as the figure, 
and the other object perceived as the ground.  Detection thresholds, reactions times, and 
discrimination accuracy are improved when target items appear over the object portion of the 
image, relative to the ground portion.   
Alternatively, preferential processing of on-object relative to off-object probes could be 
due to differences in interocular conflict, which exists between the probe and the corresponding 
representation in the other eye.  On-object probes, specifically those that appear in the 
suppressed eye, experience a larger degree of interocular conflict relative to off-object probes.  
On-object probes must ‘compete’ with an object (i.e. suppressed-eye probes are in conflict with 
the dominant-eye representation), while off-object probes don’t.  A series of studies from Paffen 
and colleagues (2011, 2012) have shown that interocular conflict attracts attention, such that 
target items are more quickly detected in scenes when the presence of a monocular target creates 
interocular conflict (due to their being discrepant input at the corresponding retinal location in 
the other eye).  Any error signal resulting from interocular conflict would be stronger when 
probes appears in the suppressed eye, since suppressed-eye probes compete with a strong, 




suppressed image.  Regardless of whether the probe-related boost stem from differences in 
attention, or differences in interocular conflict, what is critical here is that the differences 
between the efficacy of on-object as opposed to off-object probes stems from differential 
processing of the probe itself. 
There is another possibility, however, and that is that the difference in probe efficacy 
stems not from the probe per se but rather from the fact that the boost elicited by the on-object 
probe can spill over to object, whereas there is nothing to spill over to off the object.  There is 
evidence that brief onsets over an object can spread to the entire object (e.g. Egly, Driver, Rafal, 
1994).  Such a mechanism would not require that the probe itself is processed differentially just 
that it then had differential impact on subsequent object processing.  Of course, these two 
mechanisms, differential probe processing versus differential subsequent impact need not be 
mutually exclusive.  It is entirely possible that both mechanisms are at work and both predict 
accelerated or decelerated (depending on in which eye it appears) reversals of rivalry. 
 In the case of a boost that transfers to the object, it is easy to see how this would result in 
accelerated or decelerated reversals.  In general, probes are thought to boost activity for the 
object over which they appear, and this boost of activity disrupts the ongoing competition 
existing between the two representations.  Thus, suppressed-eye on-object probes boost activity 
for the suppressed-object representation, which effectively rescues that representation from 
suppression forcing it to “compete” with a fatigued dominant-object representation.  On the other 
hand, dominant-eye on-object probes boost activity for the dominant-object representation, 
which effectively rescues it from adaptation (i.e. a weakening neural signal possibly due to 
neural fatigue).   




probe that appears on a non-rivaling background could cause a reversal.  It’s possible that eye-
based mechanism operate similarly to object-based mechanisms, except that instead of boosting 
the object over which probes appear, any probe boost could travel to the object itself.  This 
seems unlikely given the fact that probe distance has no impact on percept duration.  Another 
possibility is that probes boost everything in the eye. 
 
Implications for binocular rivalry 
Probing binocular rivalry affords the opportunity to exercise experimental control over 
reversals in that suppressed-eye probes accelerate, while dominant-eye probes decelerate 
reversals.  By extension, exploring probe-related effects can provide insight into the very basic 
mechanisms of binocular rivalry.  An ongoing debate in the binocular rivalry literature (see Alais 
& Parker, 2006) concerns whether binocular rivalry is better characterized as a competition 
between low-level monocular inputs (eye-based accounts), or a higher-level competition between 
stimuli or objects (object-based accounts).  Both theories are supported by considerable 
psychophysical and neuroimaging evidence (Tong et al., 2006).  However, data from Alais & 
Parker (2006) seems to favor object-based accounts.  Data reported here raise the possibility that 
two mechanisms may be at work. Thus, one possibility is that there is both a higher-level 
competition between objects or object features and another mechanism tied to the eye 
representation (as opposed to the object) which could be more low-level.   
Eye-based theories of binocular rivalry predict that probe-mediated reversal 
acceleration/deceleration stems from any boost in activity in an eye-based channel, regardless of 
whether it appears over the object or not.  Evidence for this possibility comes from Ooi & He 




showed that these cues increased the likelihood of detecting the suppressed target.  Furthermore, 
Zhang et al. (2012) showed that attentional cues presented near a target stimulus, both 
endogenous (i.e. subject voluntarily directs their attention) and exogenous (i.e. a physical 
stimulus automatically direction the subject’s attention), decreased the suppression time of a 
target stimulus presented during continuous flash suppression, a phenomenon thought to be 
related to binocular rivalry (Jiang, Costello & He, 2007; Wilke, Logothetis, & Leopold, 2003).  
In neither of these two studies, were cues superimposed over the rivalry images.   
Object-based accounts predict that probe-mediated reversal acceleration/deceleration 
stems from an object-based boost in activation.  Evidence for this possibility comes from Alais & 
Parker (2006).  In that study, subjects experienced two forms of rivalry: global motion (i.e. 
outward vs. inward motion), and face rivalry (i.e. two different faces).  Subjects were asked to 
respond to one of two probe types that appeared over the image in either the suppressed or 
dominant eye.  These included motion and face probes.  Probe type (motion or face) was either 
congruent or incongruent to the rivalry stimulus.  For example, a motion probe presented during 
motion rivalry is congruent, while a motion probe presented during face rivalry is incongruent.  
Eye-based accounts, which argue that all eye-specific content is suppressed, would predict no 
differences between congruent and incongruent probe types.  Object-based accounts, however, 
would predict differences.  They found that sensitivity to suppressed-eye probes was drastically 
reduced when the probe type matched the stimulus type, relative to when probe type did not 
match the stimulus type, providing support for object-based rivalry.    
In summary, the data are suggestive of eye-based and object-based mechanisms in probe-
mediated binocular rivalry.  Probes presented during binocular rivalry provide a boost in 




effectively rescuing the suppressed percept from inhibition.  Probes presented to the dominant 
eye likewise boost activity for that representation, effectively rescuing the dominant percept 
from adaptation.  The data indicate that probes accelerate/decelerate reversals regardless of 






CHAPTER 4:  ON- VS. OFF-OBJECT PROBES: NEURAL MECHANISMS 
 
Chapter 3 asked whether reversal acceleration/deceleration (suppressed-eye and 
dominant-eye probes respectively) varies as a function of probe location, such that probes could 
appear either over the rivalry object, or off the object.  Percept duration varied in an interactive 
manner; differences in percept duration for suppressed-eye relative to dominant-eye probes was 
much larger for on-object probes vs. off-object probes.  That is, on-object differences were much 
larger relative to off-object differences, suggestive of robust, object-based mechanisms.  
The present experiment seeks to understand the neural underpinnings of probe-mediated 
object-based effect on percept duration.  By contrasting differences in brain activity (i.e. EEG, 
event-related potentials) as a function of whether probes appeared on or off the object, and 
whether probes appeared in the suppressed or dominant eye, we can identify which ERP 
components are associated with object-based behavioral effects.  Questions include: Which ERP 
components elicited by probe onset are associated with on- vs. off-object effects in behavior?   
 
Methods 
Nineteen healthy adults from the Champaign-Urbana community (11 female, age range = 
19-36) participated in a two-session experiment after providing written informed consent as 
approved by the University of Illinois Institutional Review Board. Participants self-reported 
normal or corrected-to-normal vision.  They were compensated $15 per hour of participation.   
 
Apparatus and Stimuli 




per degree of visual angle) to each eye.  The orientation of the gratings could be 0, 45, 90, or 135 
degrees.  Possible orthogonal pairings include: 0 paired with 90, and 45 paired with 135.  
Gratings were always presented in red/blue pairs such that a red grating was presented to one 
eye, and its orthogonal blue counterpart was presented to the other eye (counterbalanced across 
blocks of trials; see examples in Figure 14).  All objects were oval-shaped and were surrounded 
by an oval-shaped border consisting of alternating black and white patches (0.1 and 8.6 cd/m2 
respectively).  The oval-shaped objects along with the border subtended 2.33 and 3.39 degrees of 
visual angle along the principle axes.  Half of the image pairs were oriented along the vertical 
axis, while the other half were elongated along the horizontal axis. Each oval-shaped rivalry 
object was superimposed over a square-shaped background sinusoidal grating subtending 4.69 
degrees of visual angle along the principal axes, and was equal in terms of spatial frequency and 
brightness.  The color of the background image was either red or blue, but was the same color 
and orientation in both eyes (background color and grating orientation counterbalanced across 
trials), and never matched the orientation of either rivalry object grating in either eye (i.e. 0/90 
degree gratings were presented over background gratings of either 45 or 135 degrees).  In total, 
64 combinations of paired objects along with background gratings were presented randomly 
from a uniform distribution. Image luminance was adjusted so that mean image brightness of the 
images measured 2.6 cd/m2 in a dark room.  A small fixation cross subtending 0.25 degrees and  
was placed in the center of the images.  Background luminance was 0.1 cd/m2.  
Subjects were seated 110 cm from the display monitor (17” Dell® CRT, refresh rate 75 
Hz, screen resolution 1280 x 1024) and viewed the image pairs through prism lenses (base out, 
diopter of 14; average pupillary distance) to aid fusion.  A viewing box equipped with a central 




maintain careful fixation, and to keep still while positioned on a chin rest.  They were instructed 
to hold down one of two buttons on a keyboard using their right index finger for as long as that 
percept remained perceptually dominant (i.e., “complete or nearly complete percept”, as in Meng 
& Tong, 2004).  Number pad buttons ‘1’ and ‘2’ corresponded to red or blue percepts 
(counterbalanced across subjects).  Subjects were instructed to press neither button during 
periods in which neither image dominated perception (i.e., “piecemeal dominance”). 
Probe stimuli (Figure 14) were checkered circles that subtended 0.5 degrees of visual 
angle in diameter and were composed of alternating quadrants of 125 and 255 (out of 255) 
grayscale luminance values.  Probes were presented on average 500 ms (jittered between 300-
700 ms; interval chosen randomly from a uniform distribution) after each button press 




(signifying the start of a new percept) and appeared at an eccentricity of 1.56 degrees of visual 
angle with equal probability either to the left or right of the fixation cross.  Probes were 
displayed for 200 ms in either the dominant or suppressed eye with equal probability.  On-object 
probes appeared over rivalry objects that had been elongated along the horizontal axis, while off-
object probes appeared over rivalry objects that had been elongated along the vertical axis.  We 
note that, in order to control for probe saliency, both probe locations appeared over a grating.  
Subjects were provided with no information about the probe or task other than to maintain 
careful fixation and accurately report their perception.  If subjects asked about the probe 
stimulus, they were instructed to ignore it and focus their attention on the rivalry task.  Stimuli 
were presented and responses were recorded using E-Prime 2.0 (Psychology Software Tools, 
Inc.) running on a Windows 7 desktop computer. 
Data were collected in two separate sessions, each consisting of 16 blocks of runs, each 
block lasting 4 minutes.  Sessions started with a brief practice block and instructions.  Subjects 
received short 1-2 minute breaks in between blocks and longer breaks as needed.  Blocks 
consisted of 4 trials lasting 1 minute each.  Trials began with a 1.5 second presentation of the 
fixation cross and fusion frame, followed by ~58 seconds of the face and texture stimulus pair, 
and ended with the 0.5 second presentation of a red/blue noise mask. A total of approximately 
128 minutes of binocular rivalry data were collected for each subject. 
 
Behavioral analysis   
Reversal latency (time from probe onset to button release) was calculated for each probe 
trial.  Percepts were sorted into four conditions based on where the probe appeared after the 




were excluded from all analyses if the button release occurred less than 600 ms after the probe 
appeared, as the reversals in this time window are unlikely to be caused by the probe.  A higher 
reversal latency cutoff was chosen to reduce the number of trials that could contain response-
locked P3b activity (cf. Chapter 2) overlapping with earlier component windows such as the N1 
and N2.  Median reversal latencies were calculated separately for each condition and subject. 
 
ERP recording and analysis 
Continuous EEG was recorded with a 64-channel active electrode system (ActiCap, Brain 
Vision) corresponding to an extended 10/20 system. Scalp electrodes were referenced to the left 
mastoid online and arithmetically re-referenced offline to an average mastoid reference (Luck, 
2014; see also Keil et al., 2014).  Electrodes were placed above and below the left eye, and at the 
outer canthi of each eye to measure the vertical and horizontal electrooculogram (EOG).  
Electrical impedance was maintained below 20 kΩ.  EEG was sampled at 500 Hz.  Online, the 
EEG was filtered using a bandpass filter of 0.1-250 Hz.  Offline, all analyses were done using 
custom scripts in MATLAB and EEGLAB (Delorme & Makeig, 2004).  The EEG was again 
filtered using a low-pass filter of 30 Hz for all ERP analyses. 
Data were segmented into 1200-ms epochs time-locked to the onset of the probe stimulus 
(-200 to 998 ms).  Trial activity was baseline-corrected using the average amplitude from -200 to 
0 ms.  Trials with A/D saturation (i.e., artifacts greater in absolute magnitude of more than 500 
μV) were removed before detection and correction of ocular artifacts (Gratton, Coles, & 
Donchin, 1983).  The right horizontal EOG channel was found to be faulty for several subjects.  
Electrode location F8 was used instead since this channel showed horizontal eye-movement 




artifacts greater in absolute magnitude than 250 μV were then excluded from further analysis.  
Trials containing eye blinks within the entire epoch, including baseline, were rejected.  No 
subject had fewer than 75 trials in any condition (range = 75-220). 
To increase statistical power, and to look at differences in sensory evoked potential, 
which can be lateralized, left and right hemisphere electrodes were reclassified as contralateral or  
ipsilateral to the probe location.  Grand-average ERP waveforms were calculated separately for 
dominant- and suppressed-eye probes, and within each of those, separately for on-object and off-
object probes, yielding a total of four conditions of interest.  ERPs for each subject and condition 
were then created and combined to generate the grand average ERP at each electrode location.  
Mean voltage differences for each probe condition were calculated separately for the N1 and N2-
like windows (see Table 4).   
 
Table 4: Upper and lower boundaries for ERP component measurement windows.  
 
 Component Lower Bound Upper Bound 
 N1 150 190 
 N2-like 350 450 
 
Component windows were chosen to be centered on visually inspected peaks from the 
grand average of all probe trials within the current data set (i.e., collapsed over dominant- and 
suppressed-eye probes).  To be consistent with Chapter 2, measurement window widths were set 
at 40 ms for the N1, but consistent with the literature, a longer window of 100 ms was chosen for 
the N2-like.  Electrode activity was pooled using an ROI approach in which electrode activity 
was averaged within 3 ROIs: anterior (F1/2, F3/4, FC1/2 and FC3/4), central (C1/2, C3/4, CP1/2 
and CP3/4), and posterior (P1/2, P3/4, PO3/4 and O1/2).  Data were then entered into a 3-way 




one factor, probed eye (i.e. suppressed vs. dominant) served as a second factor, and probed 
location (i.e. on vs. off) served as a third factor.  Separate ANOVAs were run for each 




Within-subject median reversal latencies were calculated separately for dominant and 
suppressed-eye probes, and for on- and off-object probes within each of those probe types 
(Figure 15).  Median reversal latencies were then entered into a 2-way repeated-measures 
ANOVA where probed eye (i.e. suppressed or dominant) served as one factor, and probed 
location (i.e. on- vs. off-object) served as a second factor.   There was a main effect of probed 
eye such that suppressed-eye probes produced shorter reversal latencies (M = 1379 ms, SD = 564 
ms) relative to dominant-eye probes (M = 1700 ms, SD = 514 ms; F(1,18) = 39.65, p < 0.0001), 
which replicates prior work (Fox 
& Check, 1968; Thomas & 
Walker, 1978; Valle-Inclan et al, 
1999). There was no main effect 
of probed location (F(1,18) = 
0.54, p = 0.47).  However, the 
interaction of probed eye and 
probed location was significant 
(F(1,18) = 27.38, p < 0.0001), such that the on-object differences between suppressed- and 
dominant-eye probes (M = 458 ms, SD = 304 ms, range = -2 – 1447 ms, t(18) = 6.57, p < 0.001) 
Figure 15: Reversal latencies (ms) for each probe condition.  




were nearly 2.5 times larger than the off-object differences (M = 185 ms, SD = 180 ms, range = -
1 – 747 ms, t(18) = 4.67, p < 0.001). As reported in Chapter 3, the behavioral data again suggest 
two mechanisms: a more robust object-based effect (on vs. off differences, two-way interaction), 
and a smaller eye-based effect (off-object differences). 
 
ERPs: N1 amplitude differences   
Mean amplitudes calculated within the N1 component window were entered into a 3-way 
ANOVA, which included ROI, probed eye, and probed location as factors.  There was a 
significant 2-way interaction between ROI and probed location (F(2,36) = 15.39, p < 0.001).  As 
can be seen in Figure 16, off-object probes (plotted in blue) elicit greater N1 activity relative to 
on-object probes (plotted in red) within the posterior ROI, but show the opposite pattern at the 
anterior ROI, which is consistent with an N1 and could represent opposite ends of an electric 
dipole (Fabiani et al., 2007; Luck 2001; Luck 2014).  There was also a significant 3-way 
interaction of ROI, probed eye, and probed location (F(2,36) = 3.32, p = 0.048), such that off-
object probes produce larger N1 amplitudes relative to off object probes, but on- vs. off-object 
differences are larger for dominant-eye probes relative to suppressed-eye probes (see Figure 17, 
which displays grand-averaged waveforms separately for suppressed (left column) and 
dominant-eye probes (right column)).  
The N1 results suggest that on- and off-object probes are differentially processed in an 
early time window.  However, it is difficult to map these results onto the findings reported in 
Chapter 2, which argued that better processed probes (as indexed by P1/N1 amplitude) led to 
faster reversals, particularly when probes appeared in the suppressed eye.  This train of logic  





Figure 16: Probe-locked ERP activity.  Top: scalp topography for the N1 (top row), and N2 (bottom 
row) plotted separately for on- and off-object probes, and Bottom: grand-averaged ERP activity at 





larger for off-object probes, but are also associated with longer reversal latencies.  One potential 
explanation for this seemingly paradoxical finding is that on-object probes appear in a region 
undergoing intense competition.  Given that monocular inputs are mutually inhibiting each other 
in early visual areas, neural activity in these areas may be reduced relative to when no 
competition exists.  Under this assumption, probes appearing over the object suffer more from 
interocular competition, and should be associated with a reduction in N1 amplitude.   
 
ERPs: N2-like amplitude differences 
Analysis procedures for the N2-like component were identical to those used for the N1, 
with the exception that amplitude differences were calculated within the N2-like window.  Data 
are plotted as a function of probe location in Figure 16, and as a function of probed eye in Figure 
17.  A main effect of probed location (i.e. on vs. off) was found (F(2,36) = 6.00, p < 0.05), such 
that N2-like amplitudes are larger for on-object relative to off-object probes.  A lack of a main 
effect of ROI suggests that activity within this time window is broadly distributed over the scalp 
with differences maximal at central electrodes.  No other main effects or interactions were 
significant.   
Taken together, the N2-like data show that on-object probes produce larger N2-like 
activity relative to off-object probes, but do not vary as a function of whether probes appeared in 
the dominant or suppressed eye, suggesting that N2-like activity indexes an object-related boost 
in activation.  Boosting the suppressed representation rescues that percept from suppression 
thereby accelerating the reversal process.  Boosting the dominant representation rescues that 







Probes presented during binocular rivalry interact with perception in interesting ways.  
For instance, probes presented to the suppressed eye tend to accelerate reversals, while probes 
presented to the dominant eye tend to decelerate reversals.  Chapter 3 asked whether probe-
related effects on perception were more consistent with object-based or with eye-based accounts.  
That is, are on-object probes equally likely to modulate perception relative to off-object probes?  
Figure 17: Probe-locked ERP activity.  Grand-averaged ERP activity at contralateral ROIs.  
Suppressed-eye probes appear in the left column, dominant-eye probes appear in the right.  On-object 





Are these probe effects better associated with an object-based effect, or an eye-based effect?  
Data supports both accounts, but also suggests a stronger, more robust object-based effect.  The 
present study asks which ERP components are associated with these differences, and how do 
they map onto object-based, or eye-based mechanisms? 
 
P1/N1 ERP components 
The P1 and N1 are mesogenous components in that their amplitudes can vary according 
to bottom-up sensory processes, as well as top-down attention processes (Fabiani et al., 2007).  
Both are thought to index perceptual salience, such that attended or more salient stimuli are 
associated with enhanced N1 activity.  Though we observed a prominent P1 in Chapter 2, there 
was no prominent P1 in the present data.  This could be due to differences in probe salience 
across the two experiments.  The probe used in the present study is smaller in size, and further 
from fixation compared to the probe used in Chapter 2, so it’s not surprising that the current data 
set doesn’t show a clear P1.  Moreover, due to large amounts of overlap between temporally 
adjacent ERP components, it can often be difficult to detangle them (Fabiani et al., 2007; Luck 
2014).  Thus, it is possible that the P1 effects reported in Chapter 2 and the N1 effects reported 
here index the same thing: processing saliency.  Yet, somewhat unexpectedly, N1 amplitudes in 
the present data set were reduced for on-object relative to off-object probes.  Differences in 
attention do not appear to explain this difference, since attention should, if anything, be directed 
more towards the object and thus towards the on-object probes (resulting in a larger N1 for on-
object rather than off-object probes).  Even if we limit the analysis to suppressed-eye probes (i.e. 
the condition that accelerates reversals), if N1 amplitudes varied according to reversal latency, 




probes.  This pattern is not evident in the data, and instead suggests differences in the way that 
on- and off-object probes are processed at a very early stage.  
One plausible explanation for this paradoxical finding concerns the nature of the 
underlying competition existing between left and right eye inputs.  Binocular disparity only 
exists for the rivalry objects themselves, and not for the background object, as the background is 
identical for both eyes.  Presumably, the disparity leads to a process known as interocular 
competition, in which competing representations mutually inhibit each other until one of them 
wins out in winner-take-all fashion.  Neural responses are attenuated under these circumstances 
relative to when no disparity exists.  Regarding the present set of data, binocular disparity is high 
between the two objects presented inside the binocular rivalry frame, while disparity is low 
between the background objects.  Thus, reduced N1 amplitudes seen in the present study for on-
object probes suggest that those probes appear in a cortical processing area that is highly 
attenuated, while off-object probes are not, and may suggest that objects are being suppressed 
during binocular rivalry rather than the entire eye.  Thus, in addition to indexing processing 
saliency, it is also possible that P1/N1 activity is modulated by the strength of the inhibitory 
signal originating from the dominant stimulus.   
 
N2-like ERP component 
N2-like ERP activity discriminates between on- and off-object probes, such that on-
object probes produce larger N2-like amplitudes relative to off-object probes, which does not 
depend on whether probes appear in the dominant or suppressed eye.  A recent N2 review (see 
Folsterin & van Patten, 2008) argues that the N2 ERP component is a class of components, some 




can produce N2s associated with different peak latencies and topographic distributions.  Among 
these are the well-characterized posterior N2pc, thought to index a shift in spatial attention (Luck 
& Hillyard, 1994), the attention-dependent centrally-distributed N2, sometimes referred to as the 
N2b or N2pb, which is thought to index various stages of mismatch detection (Näätänen & 
Gaillard, 1983; Wang et al., 2003; 2004), and the more anterior N2, which is thought to index 
cognitive control or response monitoring (Gratton et al., 1988).  Of these three N2-generating 
paradigms, the current study is arguably most similar to sequential matching paradigms, which 
also generate a broad and centrally distributed N2 peaking 350-400 ms following stimulus onset.   
Sequential matching paradigms present subjects with a sequence of stimuli and are 
instructed to respond whenever they detect a change in some property of some stimulus, for 
instance the color of the top edge of a square (Wang et al., 2003; 2004).  Subjects in the present 
study engaged in a very similar task, in that, instead of discriminating between successive 
physical (i.e. external) states, subjects discriminate between successive perceptual (i.e. internal, 
but driven by the probe in many cases) states. 
Wang and colleagues (2003, 2004) have shown that mismatch between successively 
presented stimuli generate N2 activity, and have shown a positive relationship between N2 
amplitude and the degree of mismatch, such that greater mismatch produces larger N2 activity.  
They also found that the peak latency of this N2 to be as late as 400 ms when the stimuli were 
complex and where discrimination required a conjunction of features. Given the similarities 
between these studies and the present data set, both in terms of the task, and N2 timing and 
topography, one possible explanation is that probes produce a type of perceptual mismatch 
signal.   




is that on-object probes appear in a task-relevant, attended region of space while off-object 
probes appear in an irrelevant, unattended region of space.  Wang et al. (2004) showed that N2 
amplitude differences were associated with degree of mismatch only when stimuli were attended; 
no such relationship existed between N2 amplitude and degree of mismatch for unattended 
stimuli (see also Näätänen & Gaillard, 1983).  In other words, N2 activity of this variety, indexes 
a perceptual mismatch or conflict in an attended series of stimuli.  Whereas, unattended stimuli, 
or stimuli appearing in an unattended region of space do not produce N2 differences as a 
function of mismatch, at least not N2b/N2pb.  Thus, given that the object (and not the 
background) is attended, we would again expect larger N2 activity for on-object probes than off-
object probes.   
But why would the mere presence of a mismatch signal be associated with faster 
reversals?  Prior research has shown that centrally-distributed N2 effects are closely followed by 
P3a.  The P3a differs from the P3b discussed in Chapter 2 in several aspects (for a review, see 
Polich, 2007), most notably, the processes they index.  The P3a tends to peak earlier in time and 
is more frontally distributed relative to the P3b.  It is believed that the P3a reflects an orienting 
response to perceptual novelty, such as the appearance of a probe, and that P3b activity follows, 
only if the P3a-generating stimulus is task relevant (Polich, 2007).  The design of the current 
experiment does not allow for the type of comparisons needed to see differences in P3a activity.  
However, the fact that prior research has shown a tight link between a centrally distributed N2 
and a frontally distributed P3a, suggests that on-object probes produce a mismatch signal that 
reorients attention to the stimuli that generate the mismatch: the probe and the rivalry object over 
which it appears.   




differences in two ERP component windows: and early N1, and a later N2.  N1 amplitude varied 
with probe location, such that amplitudes were larger for off-object probes relative to on-object 
probes.  N2 amplitude also varied with probe location, but in the opposite direction of the N1 
such that N2 amplitudes were larger for on-object probes relative to off-object probes.  N2 
amplitude also mapped onto behavior, such that subjects with large behavioral differences (i.e. 
suppressed on-object vs. dominant on-object), also exhibited large N2 amplitude differences 
(same subtraction).  The delayed timing, and central distribution of the N2 differences seen in the 
present data suggest that on-object probes generate a perceptual mismatch conflict signal, which 






CHAPTER 5:  CONCLUSIONS AND FUTURE DIRECTIONS 
 
The world we inhabit is complex and constantly changing.  Survival in such an 
environment depends on detecting these changes, and possibly even predicting, to some degree, 
their occurrence.  Intuitively, it feels as though we’re able to detect and respond to these changes, 
but this is not always the case; we frequently fail to notice changes in our environment (Rensink 
et al., 1997), especially if our attention is directed elsewhere (Mack & Rock, 1998; Most et al., 
2001).  One way to study changes, or updates in visual awareness is through binocular rivalry 
and their probe-mediated variants.  Perception during binocular rivalry switches, or changes and 
these updates occur in the absence of changes in sensory input, making them a particularly good 
case to study the mechanisms of visual awareness.   
Much of the research over the past 50 years sought to understand suppression during 
binocular rivalry; what is suppressed? And at what levels is that information suppressed at?  
Probing binocular rivalry not only provides insight into the mechanisms of suppression, but it 
also provides an opportunity to better understand the mechanisms by which task-irrelevant 
information can rescue suppressed, or adapting representations.  The aim of the current line of 
research is more concerned with what gets rescued, and how, rather than what gets suppressed.  
 
Two mechanisms of probe-mediated binocular rivalry 
 Data from three experiments (Chapters 3 and 4) are consistent with eye-based and object-
based mechanisms.  In all three experiments, on-object differences in percept duration between 
suppressed- and dominant-eye probes were larger relative to off-object probes, suggestive of an 




suppressed-eye off-object probes were associated with shorter reversal latencies relative to 
dominant-eye off object probes, suggestive of an eye-based mechanism.  Object-based effects 
were much larger than eye-based effects, though some of this may be expected given that an on-
object probe would also benefit from an eye-based boost.  As discussed throughout this thesis, 
theories of binocular rivalry typically argue for eye-based and object-based rivalry.  Support in 
the literature is mixed, but has been found to support both.  The data presented here likewise 
favor eye- and object-based hybrid models, or theories.  However, probe-mediated and 
conventional rivalry mechanisms need not be the same, as they could be associated with distinct 
processing pathways in the brain, or even operate according to different principles.  Future 
research should address this. 
 
Probe-specific and reversal-specific brain activity 
 Chapter 2 suggests that P3b activity is associated with reversal-related activity. 
Specifically, the amplitude of the P3b was better associated with piecemeal duration rather than 
with reversal latency.  This suggests that P3b activity indexes the immediacy/intensity of updates 
to consciousness during binocular rivalry, and may be a neural correlate of changes or updates to 
consciousness.  Sensory evoked data (i.e. P1/N1 ERP activity) reported in Chapters 2 and 4 
suggest that P1 and/or N1 amplitude index probe-related processes, but may also index the depth 
of neural suppression (i.e. dominant percept inhibitory strength) during binocular rivalry.  
Finally, N2 data from Chapter 4 suggests that on-object probes differentially generate a 
perceptual conflict signal relative to off-object probes, which then may be followed by a 
reorienting of attention. 




object probes is problematic and needs to be followed up.  On-object probes appear in a retinal 
location that is engaged in high levels of interocular conflict.  Its plausible that activity in this 
region is attenuated in general, and thus the signal associated with on-object probes would also 
be attenuated relative to off-object probes, which appear in a region less engaged in interocular 
conflict.  At present, this introduces a confound and makes it difficult to draw inferences from 
the N1 about on- and off-object probes.  Perhaps a better way would be to include a ring of 
conflicting input around the frame that separates the rivalry objects from the background.  
Essentially, there are two independent, and separated regions of binocular rivalry, one of which 
that's attended and task relevant, and another (the ring) that is unattended (or at least less 
attended) and task irrelevant.  This design allows for the comparison between two types of off-
object probes, one that appears in a region where no monocular disparity exists, and another that 
does.  This design also allows you to compare on- and off- object probes more directly. 
 
Open questions regarding the probe 
 As was discussed in Chapter 3, the underlying mechanism of any “boost” associated with 
the appearance of the probe is still not fully understood.  The greater efficacy of on-object probes 
could result from preferential processing of the probe, either because on-probes appear in an 
already attended task-relevant region of space or because the greater interocular conflict between 
the probe and the object (as opposed to the background) draws attention to on-object probes.  
Alternatively, the greater efficacy of on-object probes may not be due to the probe itself but 
because the boost provided by the probe can spill over onto the object over which it appears (but 
is not likely to spill over to an empty background).  Though not definitive, data from Chapter 4, 




object probes generate a conflict signal that reorients attention to the conflict, and by extension, 
to the object over which it appears.  That data also suggests that N2 differences are not likely due 
to differences in probe-related process (i.e. N1 amplitude), since the most robust, or effective 
probes (as measured by N1 amplitude) are also associated with smaller N2 amplitudes. 
A somewhat related question concerns the processing pathway of probes.  Prior research 
has shown that suppression during binocular rivalry occurs throughout the visual processing 
hierarchy.  But where do the effects of the probe emerge?  Do these effects depend on early 
visual areas such as V1?  An interesting way to look at these questions is with patients afflicted 
with hemianopia, which is characterized by a loss of visual awareness in the contralateral visual 
field, as a result to damage in V1 that is restricted only to one hemisphere.  Prior research has 
shown that blind sight patients are still able to respond to objects in their blind field, thought they 
are visually unaware, and that information is routed to areas within the frontoparietal network 
through a subcortical neural pathway (Rafal et al., 1990).  Probes placed in the blind field of 
hemianopic patients cannot be processed in V1, so any effect of the probe, particularly the 
object-based effects described in this thesis, would have to bypass V1.  
Probe-related effects occur under task-relevant and -irrelevant conditions.  Typically, 
however, task-relevant effects are essentially differences in probe detection thresholds, and are 
more related to what is suppressed during binocular rivalry.  Task-irrelevant effects are 
essentially differences in percept duration (or reversal latency), and are more related to what is 
rescued during binocular rivalry.  We don’t know how these map onto each other; at this point 
any link between them is inferred or assumed for parsimonious reasons, and so future work 
should work toward this aim.  Future work should also investigate the impact of probe salience 




would be easily detectible under task-relevant conditions. But is this even necessary?  Can task-
irrelevant sub-threshold probes modulate perception in the same way?  If so, what kind of 
information do they rescue from suppression? 
 
Closing remarks 
 Our experience of the world is dynamic and under constant revision.  Changes in visual 
awareness resulting from some change in the environment often go unnoticed, for instance the 
abrupt appearance of a new object.  But, there are other updates in consciousness that occur in 
the absence of some physical change, as occurs during binocular rivalry when perception 
reverses, or when your attention is directed to something that has been there all along, like your 
nose.  Regardless of whether updates are driven by endogenous or exogenous factors, the mere 
fact that we experience any update at all is surprising, and potentially means that psychological 
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